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SUMMARY 
The bursting of gas bubbles at a liquid surface creates liquid 
droplets which are ejected into the space above the liquid. If the liquid 
contains microorganisms, it is possible that the ejected droplets will 
also contain microorganisms. The purpose of this research was to deter-
mine if bioaerosols are created when bubbles burst at the surface of liq-
uids containing microorganisms, and if so, to relate the mechanism of 
droplet production to the production of bioaerosols (aerosols in which 
the disperse phase contains microorganisms). The findings of this study 
should be particularly applicable to the evaluation and control of the 
possible hazard of airborne infection which might be associated with the 
treatment of domestic wastes by aeration. 
The basic components of the experimental equipment used in this 
study were: (1) a dilution air chamber to provide control of temperature, 
relative humidity, and bioaerosol content of the major fraction of air 
used to condition and transport bioparticles (aerosol particles containing 
microorganisms); (2) an aeration chamber in which liquids containing mi-
croorganisms were aerated; (3) a dilution and conditioning column for con-
ditioning and transporting the bioparticles; and (4) a semiautomatic samp-
ling mechanism utilizing an Andersen-type bioaerosol sampler. In order 
to provide a means of effectively studying the aerosolization of micro-
organisms by bursting bubbles, spores of Bacillus subtilis var. niger, 
were employed as tracers. Several types of liquids were used to study 
the effects of liquid composition on bioaerosol production and to 
demonstrate production mechanisms. Seven different liquids in varying 
concentrations were employed: (1) inert liquids, dimineralized water and 
hydrophilic sols of gelatin and peptone employed for their solids concen-
trations; (2) electrolyte solutions of sodium chloride and diabasic potas-
sium phosphate to facilitate reduction of spore surface charges and thus 
enhance spore association with the air-liquid interface; and (3) organic 
"collector" solutions, octanoic acid and dipentylamine, to render spore 
surfaces more hydrophobic and allow greater association of spores with the 
air-liquid interface. 
The major goals of this study were achieved. Bioaerosols were 
found to be produced by the bursting of 0.5 mm to 5.7 mm diameter bubbles 
(the range of bubble sizes studied) at the surface of liquids containing 
tracer spores. Jet droplets formed by the collapse of bubble craters were 
observed to provide a mode of bioaerosol generation from bubbles of 0.5 mm 
to approximately 1.0 mm diameter. Film droplets created by the rupture 
of bubble films were found to supply a means of bioaerosol generation from 
bubbles of approximately 1.0 mm to 5.7 mm diameter. 
Other findings of importance were also made. Bioparticle produc-
tion rate varied in direct proportion to the spore concentration of the 
test liquid to a concentration at which each droplet contained at least 
one spore. With further increases in spore concentration, production 
rate remained essentially constant. For a mean spore concentration com-
parable with microorganism concentrations found in domestic wastes, mean 
bioparticle production was observed to range from a maximum of approxi-
mately three million bioparticles per liter of aeration air for 0.5 mm 
diameter bubbles to a minimum of approximately five thousand per liter 
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for 5.7 mm diameter bubbles. Bioparticle size distribution in air varied 
with the spore concentration of the liquid. Increases in spore concentra-
tion resulted in decreased mean bioparticle size and increased dispersion 
of size distribution as the chance for smaller and smaller droplets to 
contain at least one spore increased. 
Bioparticle size distribution characteristics were found to vary 
with bubble size. Median bioparticle size increased with bubble size to 
a maximum for bubbles of approximately 0.9 mm diameter and then decreased 
to a minimum for 5,7 mm bubbles0 Dispersion of size distribution in-
creased with bubble size from a minimum for bubbles of 0.5 mm diameter to 
a maximum for L I mm bubbles and then decreased to an intermediate value 
for 5.7 mm bubbles. Bioparticle production per bubble burst increased 
with bubble size. 
Bioparticle production varied with the composition of the liquid 
being aerated. Bioparticle production was from two to five times greater 
for gelatin and peptone sols than for demineralized water. Although es-
sentially the same for bubbles of from 0.5 to 1.0 mm diameter, production 
for larger bubbles ranged up to three times greater for sodium chloride, 
dibasic potassium phosphate, octanoic acid, and dipentylamine solutions 
than for demineralized water. Water sols of gelatin and peptone affected 
the size distribution of bioparticles over the entire range of bubble 
sizes studied by increasing the median bioparticle size without signifi-
cantly affecting dispersion. Water solutions of sodium chloride and di-
basic potassium phosphate and collector solutions of octanoic acid and di-
pentylamine affected bioparticle size distribution by increasing the 
median size without significantly affecting dispersion for bubbles up to 
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approximately one mm diameter. However, the electrolyte and collector 
solutions were observed to decrease median bioparticle size and increase 
dispersion for bubbles larger than approximately one mm diameter. 
The median bioparticle sizes produced under the conditions of this 
study were generally small enough to remain airborne and to permit lung 
penetration with the larger sizes capable of being retained in the upper 
regions of the human respiratory system. 
It was concluded within the limits of this research that: (1) bio-
aerosols are produced by bubbles bursting at the surface of liquids con-
taining microorganisms; (2) that both the rupture of bubble films as well 
as the subsequent collapse of bubble craters provide mechanisms for the 
production of bioaerosols; (3) that bubble size and the composition and 
microorganism concentration of the liquid being aerated significantly 
affect bioparticle size distribution and production rate; and (4) that 
aeration of contaminated wastes and other liquids could be responsible 
for the production of hazardous aerosols. 
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GLOSSARY OF ABBREVIATIONS 
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INTRODUCTION 
Statement of the Problem 
When gas bubbles burst at a liquid surface, droplets of the liquid 
are ejected into the space above the liquid„ If the liquid contains mi-
croorganisms, the possibility exists that the ejected liquid droplets will 
also contain microorganisms. Specifically, the purpose of this investiga-
tion is to determine if indeed bioaerosols are created when bubbles burst 
at the surface of liquids containing microorganisms, and if so, to relate 
the mechanism of droplet generation to the generation of bioaerosols 
(aerosols in which the disperse phase contains microorganisms). The 
findings of this research should be particularly applicable to the evalua-
tion and control of the possible hazard of airborne infection which might 
be associated with the treatment of domestic wastes by aeration. The 
findings should also be of interest to laboratories and industries which 
aerate liquids containing microorganisms in their experiments or pro-
cesses and to those concerned with contamination control and the micro-
biology of the air. 
Background 
There is an increasing interest in bioaerosols and the role which 
they may play in disease transmission. Airborne infection as an important 
concept of disease transmission existed as early as 1600 B.C (1) and was 
promoted by Hippocrates, the "Father of Medicine," with his writing that 
men were attacked by fevers when they inhaled air containing hostile pol-
lutants (2). Miasmas, meaning noxious vapors, and malaria, meaning bad 
air, illustrate this point. Once almost universally accepted, the con-
cept of airborne infection was then rejected. With the establishment of 
the germ theory of disease, and particularly with the work of Lister, the 
concept of contact infection became dominant (3). Airborne infection was 
discarded as a significant mode of spread of disease for almost fifty 
years. In the past thirty years, however, a resurgence of interest and 
a more sophisticated scientific evaluation of evidence have lead to the 
establishment of a sound theory of airborne infection of great importance 
to public health. 
In the 1930's William F. Wells (1,4-11) an engineer at Harvard 
University, introduced the modern concept of airborne infection (3) both 
with laboratory demonstrations of the survival of bioaerosols in exposure 
chambers and with practical field trials of ultraviolet irradiation for 
the control of measles in schools. Wells (5) demonstrated that a variety 
of pathogens, including streptococci, pneumococci, and influenza virus, 
could be atomized into a chamber and remain viable as bioaerosols for 
hours or even days. Additional importance is placed on the theory of 
airborne infection by the fact that there is now a series of diseases in 
which the airborne route of infection has been well substantiated (12). 
These include: psittacosis, histoplasmosis, coccidioidomycosis, inhala-
tion anthrax, brucellosis, and primary pulmonary tuberculosis (3). Sub-
sequent studies have shown that the number of bioaerosols necessary to 
infect through the alveoli of the human lung is very small, often ten or-
ganisms or less (3,12). Steere, in the Handbook of Laboratory Safety (13), 
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points out that inhalation of infectious aerosols is by far the most fre-
quent mode of laboratory infection. 
Toward the end of the nineteenth century, Miguel observed up to 
900 bacteria per cubic meter of air in Paris sewers; however, he found 
like numbers in the air of city streets (14). Similar counts were ob-
tained by Carnelly and Haldame (2) and Horrocks (15) in London sewers. 
Winslow was concerned about the possible transmission of enteric fever 
through the inhalation of sewer gas (16). He showed that the splashing 
of sewage liberated organisms into the air where they could be borne con-
siderable distances, but concluded that infection from sewer gas was re-
mote. 
In 1934, Fair and Wells (17) made the first study of bacteria 
emitted to the atmosphere by sewage disposal processes. Their very brief 
study concluded that the atmosphere can be contaminated by those sewage 
treatment processes in which small droplets are discharged into the air 
and evaporate. Apparently, the next actual study of bacterial air pollu-
tion from waste treatment plants was conducted in 1958. In that year, 
Albrecht (18) performed a limited study of bacterial air pollution in the 
vicinity of a trickling filter sewage treatment plant. He concluded that 
significant bacterial air contamination can occur through the agitation 
of sewage. 
Prior to Albrecht's studies, Jensen (19) in 1954 had observed the 
presence and survival of the tubercle bacillus in the liquid phases of 
sewage treatment processes. From these results, he surmised that there 
is a real danger of tuberculosis infection, especially to operating and 
supervisory personnel, from droplets injected into the air by activated 
sludge units, by trickling filters, by spray irrigation with sewage ef-
fluent, and by wind action on wastewater surfaces. Added importance is 
placed on Jensen's observations by Langmuir's (3) statements that un-
doubtedly the most important naturally acquired airborne infection is 
primarily pulmonary tuberculosis, that the pathogenesis of the disease 
clearly points to the alveolus of the human lung as the portal of entry, 
and that the only reasonable route whereby the tubecle bacillus can reach 
the alveolus is by inhalation. 
Several investigators have shown that many human pathogens may be 
present in various stages of the sewage treatment process (20,21). Be-
cause known pathogens may be present in the wastes being treated, some 
initial attempts have been made to determine whether the incidence of in-
fection among sewage plant workers is increased, but have resulted in 
findings that were inconclusive because of incomplete employee medical 
records (22). 
In 1955, Woodcock (23) proposed that aerosols arising from bursting 
bubbles in contaminated waters might carry microorganisms into the air. 
Employing a wind tunnel in a laboratory study, Higgins (24) in 1964 ob-
served bioaerosols in the air following the aeration of contaminated water; 
however, he found that recovery of viable airborne organisms was highly 
dependent upon species and the composition of the aeration liquid. He 
did not, however, attempt to define the mechanism(s) by which the bio-
aerosols were produced or the basis of the effect of liquid composition 
on the production of the bioaerosols. 
The latest study was a field study by Ledbetter and Randall (25-28) 
in 1965. They obtained significant data on the emission of bacteria to 
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the atmosphere from an activated sludge sewage treatment unit. They 
found only about eight bacteria per cubic foot upwind of the unit but up 
to 1170 per cubic foot on the downwind side. Despite a rapid die-off of 
bacteria during the first three seconds of being airborne, the investiga-
tors observed the increase in bacterial population to persist for a con-
siderable time and distance from the unit. 
Bacteria of the family Enterobacteriaceae, including species of 
known pathogenicity, were observed in large numbers. Klebsiella, proven 
pathogens of the respiratory tract, were the most numerous of the Entero-
bacteriaceae. The members of the family that are potential pathogens of 
the respiratory tract were found to be far more numerous than the enteric 
pathogens. About 70 per cent of the viable bacteria found 20 feet down-
wind of the unit were of a size that permits lung penetration. Ledbetter 
and Randall concluded that a definite possibility of airborne infection 
from activated sludge units exists. 
Bioaerosols from Bursting Bubbles 
With the notable exception of Higgins' work (24), no controlled, 
laboratory study of the ejection of bacteria into the air by the aeration 
of liquids containing suspended bacteria has been made. 
In his study, Higgins utilized a wind tunnel fitted with an aera-
tion tank containing fritted glass bubblers. Samples of bioaerosols were 
collected by means of slit (29-30) and Andersen (30-31) samplers. Only 
non-pathogenic microorganisms were used in the study. They included 
strains of Escherichia coli, Escherichia freundii, Escherichia aurescens, 
Aerobacter aerogenes, Serratia marcescens, Streptococcus durans, and 
Streptococcus salivarius, and Bacillus subtilis spores. 
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Higgins' conclusions concerning mechanisms of bioaerosol generation 
by aeration were simply that "The production of viable aerosols by burst-
ing bubbles is highly dependent upon species... and composition of the 
aeration liquid" and that "Calculated original diameters of droplets pro-
duced by bursting bubbles indicated that many particles were too small to 
have originated through the jet-droplet mechanism". 
No attempt was made by Higgins to define accurately the influence 
of bubble size on the aerosolization of bacteria. The system which he 
used was designed only to produce a range of bubble sizes that might be 
expected to be present in an activated sludge unit. He noted that the 
generation of bioaerosols was found to be highly dependent upon the con-
centration of organisms in the test liquid. Data indicated that bioaero-
sols generated were proportional to organism concentration in the liquid. 
It should be noted that the organism concentration in the aeration liquid 
was in every reported case less than the number necessary to allow at 
least one organism to be contained in each droplet of the median size pro-
duced during aeration. 
The production of bioaerosols was found to depend a great deal upon 
the composition of the aeration liquid. The only conjecture concerning 
composition was that production seemed to depend upon bubble stability; 
however, no conclusion was offered. 
The primary result of Higgins' limited data on droplet sizes pro-
duced by aeration of liquids concerned original droplet sizes. Assuming 
complete evaporation of water and unit density of solids, he observed the 
measured diameter of droplet residues to vary with the solids content of 
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the liquids indicating that the size distribution of droplets before evap-
oration was reasonably independent of type of liquid. Count median diam-
eters of evaporated droplets were found to vary from about 4.6 to 5.6 mi-
crons. Calculated median diameters of droplets before evaporation were 
observed to vary from about 70 to 110 microns. 
Aerosol Generation by Bursting Bubbles 
As very little work has been concerned with the aerosolization of 
microorganisms by aeration, an understanding of related studies which 
have been performed on the ejection of liquid droplets into the air by 
aeration is appropriate. 
Almost as soon as it leaves the place in a liquid where it is 
formed, a bubble reaches a terminal velocity (32). When the bubble 
reaches the liquid surface, it usually rebounds back and forth with de-
creasing amplitude until it comes to rest with its upper part projecting 
above the surface in the form of a hemispherical dome (33). The walls of 
the dome become extremely thin at the apex but thicken toward the base. 
The time-lag between the bubble reaching the surface and its bursting de-
pends upon the state of the interface. If stabilizing agents are present 
at the interface, the bubble may remain on the surface for an appreciable 
time. Even in pure water, the time-lag at the surface before film rup-
ture is of the order of one-hundredth of a second (33). 
As long as the bubble is intact, the pressure inside is greater 
than the surrounding pressure by an amount Ap depending upon the curva-
ture of the bubble film and the surface tension, y, of the liquid (34). 
Ap = 2Y[(1/R1) + (1/R2)] (1) 
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where R-. and R? are the principal radii of curvature. As the upper dome 
is nearly a hemisphere, R-, = R2 and : 
Ap = 4y/R1. (2) 
The liquid level at the base of the bubble may be depressed below 
the liquid surface by an amount r given approximately by the equation: 
r = (2Y/gpaj)[(2/R1) - (I/R3)] (3) 
Where: g = gravitational constant 
p = density of liquid 
Ro = radius of curvature of crater. 
As may be seen from the above, the bursting of a bubble at a liq-
uid surface occurs with the release of energy which may be sufficient to 
create and eject liquid droplets into the surrounding air. 
In water for example, a bubble which has a hemispherical dome with 
a radius of about 1.0 mm will release about 9.1 ergs of surface free ener-
gy from the rupture and withdrawal of its film. The minimum energy re-
quired to create a droplet 100 y diameter is approximately 0.09 erg, dis-
2 
counting viscous forces. The Ap of such a bubble is about 2880 dynes/cm , 
sufficient to impart an initial velocity of about 880 cm/sec to a drop-
let 100 u diameter assuming the mean pressure force acts over a time in-
terval of approximately 10 microseconds. Assuming a hemispherical bubble 
crater of radius 1.0 mm in water, an impulse force of about 314 dynes is 
9 
available for the creation of a jet and jet droplets. It is, therefore, 
important to consider by what mechanism the bubble breaks up and the ori-
gin of any droplets which may be formed. 
In separate investigations, Kientzler, et al. (35) and Newitt, et_ 
al. (33) in 1954 applied high-speed photographic techniques to observe 
the bursting of bubbles in water. Kientzler's studies were an effort to 
determine the origin of sea-salt condensation nuclei found throughout the 
earth's atmosphere and which give rise to cloud formation. Facy (36,37) 
in 1951 had suggested that the rupturing of bubble films on the ocean sur-
face might produce droplets which upon evaporation would produce such sea-
salt nuclei. Stuhlman (32) in 1932 had previously observed that the 
bursting of bubbles in water produced water jets similar to "Worthington's 
Splashes" (38-40), which subsequently broke into small droplets. Kientzler 
proved photographically that jets are produced when small bubbles (0.2 to 
1.8 mm diameter) burst at the surface of fresh and sea water. He showed 
that such jets give rise to droplets that are ejected vertically upward 
to heights large compared to the bubble size. The size of the droplets 
were of the order of one-tenth of the size bubble producing them. He con-
cluded that the energy associated with the jet formation and break-up is 
principally derived from the collapse of the bubble cavity after the ini-
tial film rupture. Kientzler observed no droplets being formed from the 
ruptures bubble film of the bubbles he studied. 
Newitt (33) photographed the bursting of bubbles of a somewhat 
larger size (3.1 to 5.3 mm diameter). He observed the burst mechanism 
to be as follows (see Figure 1). The bubble, Figure 1 (a) comes to rest 
at the liquid surface and forms a hemispherical dome, Figure 1 (b). 
A B 
BUBBLE RISES TO SURFACE AND COMES TO REST 
C D 
SECONDARY BUBBLE CAP FORMS AND EXPLODES 
E F 
BUBBLE CRATER REMAINS-WATER RISES TO FILL 
G H 
VERTICAL JET FORMS DROPLET BREADS AWAY 
REF. (33) 
Figure 1. Mechanism of Bubble Burst at Water Surface 
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Its internal pressure produces a depression of the air-liquid interface. 
Liquid drains from the dome until the upper part is so weakened that the 
internal pressure causes the formation of a secondary cap (c). This cap 
subsequently explodes, (d), and under certain circumstances gives rise 
to droplets of a few microns in diameter. These droplets are carried 
away by the rush of gas issuing from the perforated dome. The results of 
these events are a system of standing waves and a well defined crater, (e), 
at the interface. As the crater fills in, the momentum of the inflowing 
liquid produces a jet, (f), which rises vertically and in certain instances 
detaches one or more comparitively large drops, (g), (h), from its apex. 
The jet then retracts and the surface of the liquid returns to rest. 
As the liquid jet approaches its maximum height, it forms an un-
stable column (32). As early as 1873, Plateau (41) had demonstrated that 
a liquid cylinder is not a figure of stability if its length exceeds TT 
times its diameter, i.e., its circumference. Lord Rayleigh (42) observed 
this length to be about 4.5 times the diameter of the jet. Under these 
conditions, the detached masses can reform into droplets which have less 
surface area than the liquid cylinder from which they came (43). The most 
likely droplet diameter can be computed to be slightly less than twice the 
diameter of the jet (43). For low-viscosity, high-interfacial tension 
liquids, interfacial tension forces alone account for such jet break-up (43). 
Worthington and Cole (39) were first to observe the liquid jet. 
They, in 1897, photographed jets and jet droplets produced by the collapse 
of surface cavities created in liquids as a result of objects being dropped 
into the liquids. Stuhlman (32) in 1932 investigated the number and ejec-
tion heights of jet droplets created by the collapse of a bubble cavity. 
His bubbles ranged in size from 0.3 to 3.6 mm in diameter. He observed 
that as many as seven droplets are produced by bubbles of about 0.75 mm 
in diameter bursting at the surface of freshly-surfaced water. Figure 2 
shows the distribution of jet-droplets observed by Stuhlman. As may be 
seen, droplets were found to be projected as high as 14 cm into the air 
by the bursting of 1.2 mm bubbles. For bubble diameters greater than 
2.4 mm, the ejection of droplets was not of sufficient regularity to war-
rant quantitative interpretation. Benzene, with a lower surface tension, 
projected droplets only about one-half as high as did water and produced 
a maximum of only four droplets. Stuhlman also observed that the jet-
droplet process is greatly affected by the presence of surface films or 
contamination. 
The observations of Newitt, et al. (33) are presented in Table 1. 
From the tabulated results it may be seen that in all cases the droplet 
diameter decreases nearly linearly and the number of droplets increases 
with decreasing bubble diameter. Furthermore, both diameter and number 
decrease with rising temperature, and the number of droplets produced by 
large bubbles decrease markedly as the temperature is raised. At the 
lower temperatures, a relatively longer jet is formed than at higher 
temperatures. This is a result of the initial resistance to break-up at 
the higher viscosity. Thus, there is a longer time for a drop to detach 
before the jet is drawn back to the surface. This tendency for drop form-
ation is further aided by the higher surface tension. 
In general, over the bubble range 3.1 to 5.3 mm diameter, less 
than one droplet per bubble is produced. As the bubble diameter is re-
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Table 1. Large Droplets from Air Bubbles Rising in Water 
at the Rate of 60 Bubbles per Minute and 





Sauter mean Diameter* 
(microns)  
25°C 35°C 45°C 
No. of drops/min. 































1000 989 905 
965 955 879 
949 899 840 
858 831 790 
788 750 720 
920 915 860 
905 890 838 
865 845 803 
815 793 760 
755 735 707 
870 855 830 
847 830 805 
815 795 775 
775 760 731 
725 710 670 
805 799 775 
790 775 758 
762 751 730 
735 710 695 
690 665 644 
740 728 725 
730 712 710 
710 693 688 
693 663 660 
650 630 613 
10.75 6.30 2.60 
5.72 2.53 1.09 
2.50 1.07 0.44 
0.68 0.42 0.14 
0.17 0.07 
25.80 16.00 9.80 
21.00 11.60 7.00 
15.00 7.50 4.50 
8.25 3.50 2.04 
2.90 0.90 0.25 
35.80 25.80 17.30 
32.00 20.50 13.80 
26.30 15.00 9.45 
19.20 9.50 5.10 
10.75 3.60 1.60 
46.40 35.00 24.80 
43.00 30.50 20.95 
37.60 24.80 16.30 
29.80 17.50 10.00 
18.70 9.90 4.70 
58.60 45.00 37.40 
56.00 41.70 33.00 
50.80 36.60 27.40 
43.00 27.50 18.30 
28.00 18.00 11.00 
Sauter mean diameter = E(/\no. droplets) (droplet dia.) 
E (A no. droplets) (droplet dia.)^ 
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droplet formation increases. Stuhlman (32), as discussed above, observed 
more than one droplet per bubble burst for bubbles less than about two 
mm diameter. 
Plateau (41) demonstrated that the break-up of a liquid cylinder 
results in the formation of much smaller satellite droplets. Kientzler, 
et al. (35) photographically demonstrated the production of such droplets 
from the break-up of a liquid jet. They also observed larger droplets to 
reduce their mass upon rebound from the liquid surface, 
Kientzler, et al. (35) observed that bubbles larger than about two 
mm in diameter produce droplets smaller than those occurring from jet 
break-up. Plateau (41) had proposed in the nineteenth century that the 
rupture of bubble films creates ligaments which subsequently break into 
droplets. 
The work of Dombrowski and Frazer (44) affords strong evidence 
that a thin liquid film such as a bubble film breaks up by the initial 
formation of a number of perforations which subsequently expand to give 
a lace-like structure. The liquid ligaments so formed are unstable and 
break into small drops of varying size. 
Moore and Mason (45) in 1954 determined that droplets smaller than 
the comparatively large spray droplets produced by disruption of a liquid 
jet are produced by disintegration of bubble films. They found in their 
experiments that the great majority of droplets formed by film rupture 
had diameters between 5 and 30 microns. Larger bubbles tended to produce 
larger numbers of rather smaller droplets. In addition to droplets of 
greater than ten microns in diameter, Mason, in a later study (46) , demon-
strated droplets of less than ten microns using a cloud chamber technique. 
16 
He determined jet droplets produced by bubbles of from 0.3 to 4.3 mm in 
diameter to have diameters of roughly 15 per cent of the bubble size. 
However, as many as 200 droplets per bubble burst were demonstrated to 
have diameters ranging from 0.4 to 1.0 micron in diameter. 
Newitt, et al. (33) also observed film droplets to be produced from 
water by bubbles of three to five mm diameter. Their observations are 
presented in Table 2. An inspection of the tabulated data reveals a de-
crease in mean droplet diameter with increasing bubble diameter according 
to a power function of the bubble diameter and with increasing tempera-
ture by a linear relationship. The number of droplets is shown to in-
crease with bubble diameter. Although as many as ten droplets per bubble 
burst were observed, most remained very near the water surface. 
17 
Table 2. Small Droplets from Air Bubbles Rising in Water 
at the Rate of 60 Bubbles per Minute and 
Bursting at the Surface (33) 
Bubble Height Sauter mean diameter 
diameter above 
Surface 
(microns) No. of drops/1 iiin. 
(mm) 
(cm) 25°C 35°C 45°C 25°C 35°C 45°C 
5.30 0.64 22 20 18 718 490 260 
1.91 32 28 24 24.3 20.7 17.5 
3.17 41 37 33 17.8 16.3 14.7 
4.44 54 54 45 14.7 13.3 12 „ 2 
4.65 0.65 26 24 22 306 260 122 
1.91 39 36 34 19.3 15.9 13.7 
3.17 54 55 50 12.7 11.6 11.3 
4.44 70 67 63 10.1 10.3 10.2 
4.10 0.64 34 32 30 201 170 77.1 
1.91 51 49 45 14.8 12.5 10.8 
3.17 68 65 58 9.8 8.8 9.1 
4.44 92 87 81 7.7 8.7 8.3 
3.60 0.64 45 42 40 120 90.0 49.0 
1.91 61 67 63 11.7 10.3 8.5 
3.17 92 85 83 7.5 7.5 7.7 
4.44 108 109 105 6.0 6.5 7.0 
3.11 0.64 58 56 57 93.8 76 41 
1.91 87 80 80 8.8 8.1 7.4 
3.17 118 112 109 6.2 6.1 6.7 




The experimental equipment was assembled in the Air Pollution 
Laboratory of the School of Civil Engineering at the Georgia Institute of 
Technology. Figure 3 presents a flow diagram of the experimental system 
used in this research. The equipment is schematically described in Fig-
ure 4. The basic components of the system were (1) a dilution air condi-
tioning chamber (A), (See Figure 4), (2) an aeration chamber (B), (3) a 
bioaerosol dilution and conditioning column (C), and (4) a sampling 
mechanism (D). 
Dilution air entered the system through the dilution air condi-
tioning chamber (A). The chamber volume was about 1.2 cubic meters and 
contained two dehumidifiers* (E) for humidity control and a water cooler 
JL JL 
radiator (F) for temperature control. The water cooler (G) was equipped 
with a thermostat and a pump to circulate cooling water through the radi-
ator. 
Dilution air was withdrawn from the conditioning chamber through 
JL JL JL. 
four high efficiency aerosol filters ' (H) for removal of foreign mat-
ter, including microorganisms, from the dilution air. The air could then 
flow directly to the dilution air manifold (Q), (See also Figure 5) or be 
Sears Roebuck Co. and GMC Frigidaire. 
*Copeland Refrigeration Corp., Sidney, Ohio. 
*Super-Micro-Toxicol, American Optical Co., Safety Products Division. 
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Figure 3. Flow Edagram-Exrperimental Bloaerosol System 
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Figure 4. Schematic Diagram-Experimental Bioaerosol System 
Figure 4. Schematic Diagram-Experimental Bioaerosol System 
Legend 
(A) Dilution air conditioning chamber for temperature and humidity 
control. 
(B) Aeration chamber for containing test liquid with microorganisms. 
(C) Vertical bioaerosol dilution and conditioning column. 
(D) Semiautomatic sample charger. 
(E) Dehumidifiers for humidity control. 
(F) Water cooler radiator for temperature control. 
(G) Water cooler with thermostat. 
(H) High efficiency aerosol filters. 
(I) Wet bulb-dry bulb psychrometers for relative humidity determina-
tions . 
(J) Compressed air supply for aerator. 
(K) Compressed air pressure regulator. 
(L) Micro-needle valve for control of air to aerator. 
(M) Micro-pore filter to remove foreign matter from aerator air. 
(N) Single orifice aerator. 
(0) Hypodermic syringe for liquid media handling. 
(P) Liquid media reservoir. 
(Q) Dilution air manifold. 
(R) Solenoid latch to release semiautomatic sample changer. 
(S) Solenoid by-pass air valve. 
(T) Manual by-pass air valve. 
(U) Bioaerosol sampler. 
(V) Air flow regulator. 
(W) Air flow meter. 
(X) Vacuum pump. 
(Y) Exhaust manifold. 
(Z) Timer for controlling sample changer solenoid latch and solenoid 
valve. 
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Figure 5. Photograph of Experimental 
Bioaerosol System 
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by-passed through a wet bulb - dry bulb psychrometer (I) for relative hu-
midity measurement. From the dilution air manifold (Q), the air flowed 
through ten entrance ports into the vertical bioaerosol dilution and con-
ditioning column (C). The entrance ports were covered with 100 mesh sieve 
wire to prevent short-circuiting and allow uniform, turbulent air flow 
into the column. 
The conditioning column (C) was fabricated from 10.16-cm inside 
diameter polished aluminum electrical conduit with 6.4-mm thick walls. 
The column was 259 cm long (measured from the top edge of the aeration 
chamber (B) to the bottom surface of the sample changer (D) ). Both the 
sieve wire and the column were grounded to prevent the buildup of charges 
on them and thereby attract the aerosols being transported by the column. 
Air for the bubbling system was supplied from a compressed air 
cylinder (J). Air pressure was regulated to and maintained at 1.5 Kg per 
square cm by a pressure regulator valve* (K). Air flow was regulated by 
a micro-needle valve** (L). The regulated air was then filtered through 
a micro-pore membrane filter*** (M) before it was delivered to the bubbler 
(N). Details on the fabrication and calibration of the bubbler is pre-
sented in a subsequent section. Bubbles were generated by the bubbler 
(N) submerged in liquid in the aeration tank (B). A detailed sketch of 
the aeration tank and appurtenances is presented in Figure 6. 
The test liquid handling system consisted of a reservoir (0) for 
containing the liquid and a hypodermic syringe (P) for filling and 
emptying the aeration tank. 
*AIRC0, New York, New York. 
*NUPR0, Model B-4M, Cleveland, Ohio. 




DIMENSIONS IN CM 
Figure 6. Isometric Sketch-Aeration Chara'ber Details 
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Figure 7. Photograph of Aeration Chamber 
Undisturbed sampling was accomplished by means of a pie-shaped 
sampling port with a cross-sectional area equal to one-fifth of the total 
cross-sectional area of the dilution column. The semi-automatic sample 
changer mechanism (D) is presented in Figures 8 and 9. It consisted of 
a base plate upon which a slide was allowed to move back and forth. The 
slide was lubricated with petroleum jelly. The bioaerosol sampler was 
positioned over a circular hole in the slide. The hole in the slide 
could subsequently be positioned over the pie-shaped sampling port and 
JL 
the slide held in position by a solenoid operated trip-latch (R). A 
3 Kg counterweight attached to the slide moved the sampler from its posi-
tion over the sampling port when the trip-latch was released by the sole-
noid (R) . 
An air flow of 28.4 liters of air per minute as required by the 
sampler was pulled through the sampler by a vacuum pump * (X-l). This 
flow rate was maintained by a critical orifice (V-l) and monitored by a 
calibrated rotameter*** (W-l). The rotameters used in this system were 
calibrated by means of a wet test meter****. The remaining 113.6 liters 
of air per minute (four-fifths of the total air flow through the column) 
JL JL JL JL JL 
was provided by two vacuum pumps ' ' (X-2) and monitored by a rota-
meter****** (W-2). 
When the sampler was removed by the counterweight from over the 
sampling port, it was automatically positioned over a by-pass which 
*Guardian Type 16-INT, Santurce, Puerto Rico. 
Gast Model 0321, Gast Manufacturing Corp., Benton Harbor, Mass. 
Fisher and Porter Model T7 1104/1-100, Hatboro, Pennsylvania. 
JL JL JL JL -' 
Precision Scientific Model 63111, Chicago, Illinois. 
*****GE Model 5KH32EG, Fort Wayne, Indiana. 
Gast Model 0440V105, Gast Manufacturing Corp., Benton Harbor, Mass. 
******Fisher a n d P o r t e r M o d e l FP-3/4-21-G110/8-, Hatboro, Pennsylvania. 
8 . 9 ANDERSEN 
AMPLER 
DIMENSIONS I N CM 
Figure 8. Isometric Sketch-Sampling Mechanism Details 
2c 
Figure 9. Photograph of Sampling Mechanism 
allowed purging air to flow through a high efficiency aerosol filter* and 
then through the sampler. Air continued to be drawn through the sampling 
port at the rate of 28.4 liters per minute to maintain a constant flow of 
air in the dilution column. 
A cam-operated timer (Z) controlled the sampling operation. Sam-
pling was initiated manually by positioning the sampler (U) over the sam-
pling port and engaging the trip-latch (R). The manual by-pass cut-off 
solenoid valve** (S) already in a closed position. At the instant the 
sampler was positioned over the sampling port, the sampler air line cut-
off valve (T-2) would be opened and the timer activated. At the end of 
a pre-determined sampling time, the timer would in sequence (1) activate 
the solenoid operated trip-latch allowing the counterweight to shift the 
sampler from its position over the sampling port and thereby bring the 
sampler by-pass line over the port, (2) activate and thus open the by-
pass solenoid valve (S), and (3) deactivate itself (the timer). The man-
ual valve T-2 would then be closed, the manual valve T-l opened and the 
timer reset to deactivate the solenoid valve (S) in order to prepare for 
another sampling period. The sampler would then be removed and prepared 
for further sampling. Exhaust air from the sampling and by-pass systems 
was discharged to the atmosphere through a 10.16-cm diameter laundry 
JL JL A 
dryer hose and vent 
Super-Micro-Toxicol, American Optical Company, Safety Products Divi-
sion. 
*General Controls, Inc., Model K27HA112B Magnetic valve, normally closed, 
International Telephone and Telegraph Co. 
*Sears Roebuck and Company. 
Conditioning Column Design 
The principal part of the experimental system was the bioaerosol 
conditioning column. Higgins (24) encountered difficulties with his wind 
tunnel which was approximately 61 cm by 76 cm by 488 cm long. Among the 
difficulties encountered were: (1) maintaining constant wind velocities, 
(2) obtaining representative bioaerosol samples, (3) obtaining sufficient 
time for the bioparticles to evaporate to a constant size distribution 
before either settling out or reaching the sampling point, and (4) ob-
taining desired experimental conditions of humidity and temperature. 
De Ome (47) made use of a horizontal length of glass tubing but observed 
reductions in bioaerosol concentrations due to sedimentation and impinge-
ment on the tubing walls. Kethley.et al. (48-50) employed large settling 
chambers in which to condition and sample bioaerosols atomized into them. 
A straight vertical conditioning column with air flow upward was 
chosen for this research for three major reasons: (1) to eliminate the 
settling out of aerosols of interest, (2) to reduce impingement to a mini-
mum and (3) to allow selection of particle size range to be studied. 
Such a column can be designed to transport in an upward direction an aero-
sol with a selected maximum particle size by proper air flow selection. 
Newitt, et al. (33) observed that water droplets produced when a 
bubble film disrupts are projected horizontally as far as five cm. Jet 
droplets, as previously stated, are ejected vertically. The conditioning 
column was designed to have a radius of 5.08 cm. 
Irani and Callis (51) state that the normal diameter of airborne 
particles lies in a range of 100 microns and smaller. Thus the condi-
tioning column was designed with a sufficient upward air velocity to 
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entrain a water droplet of approximately 100 microns diameter and with a 
height to allow (under selected conditions of temperature and humidity) 
complete evaporation of such a droplet ejected to its maximum height by 
the jet droplet mechanism. Smaller droplets would, of course, also com-
pletely evaporate under such conditions. Larger droplets would, in 
general, settle out before evaporating. 
The terminal settling velocity of a 100-micron diameter sphere of 
water is approximately 30 cm/sec (52). An air flow of 142 1/min in a 
10.16-cm inside diameter pipe (cross-sectional area 81 square cm) yields 
a mean air velocity (V) of 29 cm/sec. As a droplet of approximately 100 
microns diameter will settle in the Stokian range, for it to be entrained 
in an upward flow of 29 cm/sec, its actual diameter may be found using 
the Stokes equation for a droplet falling through air as presented by 
Rouse (53). 
D = (I800V /p -p )°* 5 (4) 
a a d a 
where: D = droplet diameter 
u> = fall velocity or terminal settling velocity 
u = dynamic viscosity of air 
p , = density of droplet 
p = density of air. 
a J 
The droplet size was calculated to be 99 microns. 
The vertical distance traveled by a water droplet while it is 
evaporating depends upon the following: (1) velocity and direction of 
air flow, (2) distance and direction of droplet ejection from bursting 
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bubble, (3) air temperature and humidity conditions, (4) initial droplet 
size, (5) droplet evaporation, and (6) terminal velocity of the droplet. 
The size bubble which, upon bursting in water, ejects a droplet of 
99 microns diameter was found by Kientzler, et al. (35) to be approximately 
one mm in diameter. Stuhleman (32) observed that bubbles of this size 
eject droplets to a height of approximately 14 cm, the maximum observed 
for any droplet. Newitt, et al. (33) indicate that the maximum height to 
entrainment for a droplet ejected into upward flowing air is approximately 
equal to the sum of the height in still air plus the upward air velocity 
times the time required for entrainment. They also observed the time re-
quired to achieve this height to be of the order to approximately 0.2 
second. Therefore, the distance, or height in this case, to achieve en-
trainment was approximately 18.3 cm. 
The vertical distance in still air required for complete evapora-
tion of a water droplet may be derived from the Stokes equation, equation 
(1): 
-dH/dt = D^(pd-pa)/18ya = w (5) 
where: H = vertical distance 
t = time. 
Therefore, the vertical distance traveled by a droplet during time t is: 
H = /HdH = -jVcp.-p )dt/18y . (6) 
' o J o d d a a 
The total vertical distance traveled by the droplet during time t in an 
up-flow of air is therefore: 
H T = V t + H = V at-^ D2(p d-p a)dt/18p a (7) 
where: V = air velocity 
a. 
The droplet diameter will, of course, be continually changing due 
to evaporation at relative humidities of less than 100 per cent. 
Houghton (54) determined that the diameter of an evaporating droplet can 





where: D, = initial droplet diameter 
o 
k = coefficient of diffusion of water 
vapor in air 
p = vapor density of water at the 
surface of the droplet 
p = vapor density of the environment. 
If it is assumed that no lag exists between incremental changes in drop-
let diameter due to evaporation and the corresponding changes in fall 
velocity due to changes in droplet diameter, then equation (8) may be 
properly substituted into equation (7). If the time t equals the time 
required for complete evaporation of the droplet (t ) , then H equals the 
total vertical distance required for evaporation (H ). 
HT " V e " /o e ( Dd 2- (8k/pd)(ps-Pe)t(pd-pa)dt/18ya. (9) 
e o 
When integrated, equation (9) reduces to: 
HT " V e " ^ d - P a ^ d ^ e / 1 8 ^ * (pd-Pa)4k(Ps-Pe)te/18^d-
e o 
(10) 
The first term equals the vertical distance traveled by the air during 
time t . The second term is the vertical distance traveled in still air 
e 
by a droplet of diameter D, during time t . The third term is equal to 
o 
the net vertical distance traveled by the droplet in time t due to its 
changing diameter. 
The air entrance to the conditioning column was designed to provide, 
as near as practicable, turbulent flow conductions to the air entering the 
conditioning column thus producing essentially a constant cross-sectional 
velocity profile with the maximum (centerline) velocity (V ) equal to the 
mean velocity V. Since the design flow should be laminar at stable con-
ditions, the centerline velocity should, therefore, gradually increase 
and the central turbulent region become smaller as the flow approaches 
laminar conditions. 
The following equation for centerline velocity (V ) during the 
flow transition in the inlet of circular pipes was developed from data 
presented by Goldstein (55): 
V = dH/dt = V + (2v VH/0.0575)°'5/D (11) 
c a p 
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where: V = centerline velocity 
c J 
v = kinematic viscosity of air 
a J 
D = pipe diameter. 
The integral equation for time of droplet evaporation is: 
t HT 
I edt = / 6(V + (2v VH/0.0575)°'5/D )-1dH (12) 
J o J o a p 
Integration of the first five terms of the binomial expansion (56) yields 
t = (H_ /V) - (3.93v^V-5/V1>5D ) + (17.4v (H /V D )2) + . . . e T a T p a l p 
e e r e 
. . . - (82 .0v 1 , 5 H r T 1
2 - 5 /V 2 - 5 D 3 ) + (403v2 H T
3 / v V ) . (13) 
a Tg p
y a Te p
7 
All that remains unknown for the solutions of equations (10) and 
(13) for H^ is the time required for droplet evaporation (t ). Again, 
e 




Values for the term k(p -p ) are given by List (57) and Kinzer (58) for 
water evaporating in air at various temperatures and humidities. Solu-
tion of equation (14) for an initial water droplet diameter of 99 microns 
yields, for an air temperature of 22°C and a relative humidity of 35 per 
cent, an evaporation time of 11 sec. Entering this result into equations 
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(10) and (13) yields a total evaporation height of 241 cm. Therefore, 
the total design height of the conditioning column is the sum of the maxi-
mum vertical distance from bubble burst to droplet entrainment as dis-
cussed previously (18.3 cm) and the total evaporation height (241 cm) or 
259 cm. 
Van Zoonen (59) studied small particle diffusion in vertical columns 
or risers and reported that the diffusion coefficient is so small that in 
a riser with a length to radius ratio of 100 (twice that of the column 
used in this research), the particles do not usually travel the entire 
distance from the center of the column to the wall during their passage 
through the riser. This statement is significant to the design of the 
conditioning column in that the bioaerosols were generated by design in 
the center of the column. Jet droplets would not, therefore, be expected 
to reach the column wall before leaving the system. The straight-through 
column design without obstruction or other restriction of air and particle 
flow from the bioaerosol generator to the sampling port assures maximum 
aerosol recovery with minimum loses due to impaction or segregation of 
particle sizes. 
Bubbler Design 
Bubbles were formed in the aeration tank liquid by means of single 
orifices or bubblers. These orifices were constructed of Pyrex glass 
tubing of five mm outside diameter and three mm inside diameter. The 
glass tubing was drawn into capillaries and bent at right angles approxi-
mately 2.5 cm from the capillary end in order that the capillaries might 
be oriented vertically as shown in Figure 6. Various size orifices were 
constructed and calibrated to provide bubbles of from 0.5 mm to 5.7 mm 
diameter. 
Assuming spherical bubbles, the volume velocity of air passing 
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through a submerged orifice is equal to NITD /6 where N is the number of 
bubbles producer per unit time and D, is the diameter of the bubbles (60). 
Use was made of this relationship in estimating the diameter of bubbles 
produced by the prepared orifices. The number of bubbles produced in 
unit time by each orifice was determined by observing the bubbles in 
stroboscopic light . The volume velocity was determined by use of a 
gasometer consisting of a graduated glass column partially filled with 
water and an adjustable water reservoir for equalizing the air pressure 
within the system as shown in Figure 10. 
Preliminary experiments were conducted in order to determine the 
most practical bubbling rate for the study, and a bubbling rate of 1000 
bubbles per minute was established for use in the study. 
Bioaerosol Sampler 
Mandatory to the success of this research was an air sampler 
capable of providing reliable determinations of numbers and size distri-
butions of bioparticles (aerosol particles containing microorganisms) pro-
duced in the experimental system. The Andersen sampler** (30,31) was 
found to comply with these requirements. 
A schematic diagram of the Andersen sampler is presented in 
Figure 11. As may be seen, the sampler consists of a series of six stages 
through which the sample of air or aerosol is consecutively drawn. Each 
*Strobotac, Type 631-13, General Radio Co., Cambridge, Mass. 
*Andersen Sampler, Model 101, Provo, Utah. 
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Figure 10. Bubbler Ceilibration System 






0 . 0 4 6 5 " DIA, 
3.54 F T / S E C 
STAGE 2 
0 .0360" DIA. 
5 .89 F T / SEC 
STAGE 3 
0 . 0 2 8 0 " DIA. 
9.74 F T / S E C 
AIR FLOW 
STAGE 4 
0 . 0 2 1 0 ' DIA. 
17.31 F T / S E C 
STAGE 5 
0 .0135" DIA. 
41 .92 FT/SEC 
5TAGE 6 
0 . 0 1 0 0 " DIA. 
76.40 FT /SEC 
Figure 11. Schematic Diagram-Andersen Sampler (3 l ) 
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Figure 12. Photograph of Andersen Sampler 
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stage contains a plate perforated with 400 holes with a petri dish of 
agar culture medium below. Air is drawn through the sampler at the rate 
of 28.4 1/min and impinges on the agar surface below each jet. The size 
of the holes is constant for each stage but is smaller in each succeeding 
stage as may be seen from Figure 11. The sampler is designed to operate 
at a flow rate of 28.4 1/min. Any airborne particle from about 0.5 to 
100 microns diameter will be collected on one stage or another depending 
upon particle size. If the particle size spectrum being sampled is suf-
ficiently broad, particles will be collected on all stages. Each suc-
ceeding stage will remove a top fraction (largest particles) of the re-
maining particles with the last stage completing the collection of bac-
teria size particles. 
The collection and assessment of bioparticles is as follows. Six 
petri dishes each containing 27 ml of agar medium are placed in the sampler 
and a sample of air taken. The plates are then removed, inverted in 
their covers, incubated and counted. Colonies on petri stages one and 
two are scattered over the plates and are counted in the usual way. In 
stages three through six, the colonies conform to the pattern of the jets 
and are counted by the "positive hole" method. The "positive hole" method 
is essentially a count of jets which delivered viable particles to the 
petri plates and the conversion of this count to a particle coult by the 
use of a "positive hole" conversion table supplied by the manufacturer. 
This table is based upon the principle that as the number of viable par-
ticles being impinged on a given plate increases, the probability of the 
next particle going into an "empty hole" decreases. By this method, as 
many as 1500 particles per stage may be reliably determined. 
There are no dead air spaces in the sampler and the velocity of 
the air moving through the device is greatest in the jets. The velocity 
at other points is not sufficient to carry particles to any surface other 
than that of the sampling medium. Laboratory experiments (31) have shown 
that cleaning or sterilization of the sampler between runs is not re-
quired. This was verified by negative control plates following collection 
of positive samples. 
The Andersen sampler is designed to simulate retention of airborne 
particles in the human respiratory system. Particles five microns and 
larger are retained in the upper respiratory tract (Brown, et al. 61). 
This same fraction is collected on the first three stages of the sampler. 
Penetration into the respiratory tract increases with decreasing particle 
size as it also does in the sampler. The one-micron particles retained 
in the respiratory system are all found in the alveoli (61), and in the 
sampler, they are found on the two lower stages. The Andersen sampler 
has been calibrated by Kethley at the Georgia Institute of Technology (62). 
He found effective mean diameters of particles trapped on each plate to 
be 9.8 microns on the second stage, 6.2 microns on the third, 3.8 microns 






To provide an effective means of studying the aerosolization of 
microorganisms by bursting bubbles, a microorganism with known ability to 
withstand the stresses of aerosolization as well as maintain a predictable 
viability under conditions imposed upon it in the aeration tank and in 
the airborne state in the conditioning column is desirable. Such an or-
ganism should also be positively detectable in representative numbers 
through the use of an aerosol sampler. 
The spores of Bacillus subtilis var. niger meet these requirements. 
The spores have been found by Miller, et al. (63) to be excellent physi-
cal tracers for bacterial aerosols. Miller, et al. were not able to 
demonstrate in any of their tests that the spores germinated or became 
susceptible to environmental conditions during aerosolization or during 
their existence in the aerosol state. Samples of the aerosol at ages up 
to thirty minutes were assayed, heat treated for thirty minutes at 65°C, 
and again assayed with no discernible decrease in viable numbers. They 
also found, when comparing the spores as tracers with radio-chemical 
tracer techniques, a relative sensitivity difference of about 48 to one 
in favor of the spore method. The original presence of as few as a single 
Bacillus subtilis spore upon a properly incubated nutrient agar plate can 
be demonstrated (64). 
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Bacillus subtilis var. niger spores were described by Bradley and 
Franklin (65) to be cylindrical in shape with well-rounded ends and ribbed 
surfaces. Spore dimensions were reported to be approximately 1.0 to 1.5 
microns in length and 0.8 micron in diameter. Spore volume was reported 
by Fitz-James and Young (66) to be 0.165*0.025 cubic microns with an aver-
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age weight of 0.53 X 10 gm per spore. Harden and Harris (67) found the 
spore isoelectric point to be approximately pH 2.19 with a range of from 
pH 1.75 to 4.15. Bacillus subtilis is normally negatively charged. 
As indicated above, the spores of Bacillus subtilis are extremely 
viable under even severe conditions. They may be frozen and desiccated 
(68) without significant loss of viability. Evans and Curran (69) found 
no reduction in viability of Bacillus subtilis spores for 31 months in 
buffered substrate at zero degrees C. Fleming and Ordal (70) observed 
the germination of Bacillus subtilis spores in ionic environments and 
found the per cent germination of spores stored for six days in one-tenth 
molar salt solutions at pH 7.0 and 24 degrees C of (1) two per cent for 
sodium chloride, (2) two per cent for calcium chloride, (3) four per cent 
for di-basic sodium phosphate, and (4) three per cent in deionized water. 
The spores used in this research were procured from Professor T.W. 
Kethley of the Georgia Institute of Technology who had originally obtained 
them from the U.S. Army Chemical Corps Biological Laboratories, Fort 
Detrick, Frederick, Maryland. The spores were triple washed and centri-
fuged for removal of dissolved solids. 
Bacteriological Assay 
Stock suspensions of the Bacillus subtilis spores were prepared 
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containing approximately 10 gm of air-dried spores .per ml of d,eionized 
water of greater than 10 ohms resistance. The stock suspensions in 100 
ml quantities were stored in standard glass dilution bottles at 5°C until 
they were used in experiments. The deionized water and dilution bottles 
were previously autoclaved for 15 minutes at 121°C to render them sterile. 
Each stock suspension was assayed immediately after preparation to 
aid in the later preparation of experimental liquid. The following tech-
nique was employed. Each stock suspension was first heat treated for 45 
minutes in a 65°C water bath to destory vegetative cells. The suspension 
was allowed to cool to room temperature and shaken vigorously for five 
minutes to assure uniform dispersal of spores. One ml of stock suspension 
was pipetted into another dilution bottle containing 99 ml of deionized 
water. All glassware used in this research was sterilized before use as 
described above. This new suspension was then shaken vigorously for five 
minutes. From this bottle, one ml was pipetted into still another dilu-
tion bottle containing 99 ml of deionized water and the above process 
repeated. In all, four successive dilutions of each stock solution were 
performed based upon preliminary estimates of the number of spores per 
gm of dried spore stock. 
From the last dilution, one ml of suspension was pipetted into 
each of ten petri plates. Immediately, the petri plates were filled with 
nutrient agar to about one-third capacity. The agar was poured at about 
50°C and each dish was swirled as soon as poured. After about 15 minutes 
to allow the agar to set up or solidify, the plates were inverted, incu-
bated at 37°C for from 24 to 48 hours, and counted. This process was 
Mixed Resin Bantam Demineralizer, Barnsted Still and Sterilizer Co., 
Boston, Mass. 
repeated for the second from last dilution, and data from the series of 
plates yielding from 50 to 300 colonies per plate utilized for the assay. 
The nutrient agar* used in this study was prepared according to 
manufacturer's directions, autoclaved for 15 minutes at 121°C, and stored 
in a water bath at about 50°C until used but not exceeding three days to 
assure sterile media. 
Each liquid employed in the study was assayed for Bacillus subtilis 
spores in the above manner after preparation. The number of dilutions 
was, of course, altered to conform with the dilution factor employed in 
the preparation of the experimental liquids. 
Test Liquid Composition 
Several types of liquids were utilized in this study to demonstrate 
the effects of liquid composition on bioaerosol production and to demon-
strate differences in production mechanisms. Seven different liquids in 
varying concentrations were used. They were of three types as follows: 
(1) inert liquids, demineralized water and hydrophilic sols of gelatin 
and peptone employed for their solids concentrations; (2) electrolyte 
solutions of sodium chloride and dibasic potassium phosphate to facili-
tate reduction of spore surface charges and thus enhance spore association 
with the air-liquid interface; and (3) organic "collector" solutions, 
octanoic acid and dipentylamine, used to render spore surfaces more hy-
drophobic and allow greater association of spores with the air-liquid 
interface. All solutions and sols were prepared with dimineralized 
water. 
Catalogue No. J-1087-C, Fisher Scientific Co., Fair Lawn, N.J. 
Gaudin, et al. (71) found the presence of salt or amine or fatty 
acid collectors in the liquid being aerated to be among the factors which 
influence the flotational behavior of Bacillus subtilis var. niger spores. 
They found that the addition of salts, dioctyl amine, and propanoic, hexa-
noic, and octanoic acids to the liquid individually enhanced flotation 
of the spores by aeration. They also state that, although both cationic 
and anionic sites are available on the spore surface to effect adsorption, 
the spores have an excess of carboxyl groups„ However, they point out 
that the outer coats of an organism differs from strain to strain and 
from species to species. 
Salts affect hydrophilic sols by first lowering the zeta potential, 
requiring only a very small amount of electrolyte, and then rendering 
them more hydrophobic by withdrawing water from the hydration shell (72). 
The effect, then, of addition of an electrolyte to an aerated sus-
pension of Bacillus subtilis spores would be to lower or reverse the mag-
nitude of the primarily negatively charged spore surface and thereby re-
duce or reverse the electrostatic repulsion of spores and the air-liquid 
interface and enhance the association of spores with the interface. The 
ionizable radicals of the amine and fatty acid organic collectors inter-
act with or adsorb on the negatively and positively charged surface sites 
on the spores respectively to render the spore surfaces more hydrophobic 
due to the insolubility of the hydrocarbon chains of the collectors. 
This increase in hydrophobicity will also enhance the association of the 
spores with the air-liquid interface, 
The primary purpose of the electrolyte and organic collector solu-
tions used in this research was to bring about this spore-interface 
association in order that the resulting bioaerosol production changes thus 
imposed might be used to study production mechanisms. The hydrophilic 
gelatin and peptone sols in the concentrations in which they were used 
were not expected to alter spore characteristics to an appreciable extent. 
Harkins and McLaughlin (73) have calculated that in dilute electro-
lyte solutions such as were employed in this research there is a solute-
free surface layer approximately one molecule thick. Surface tension 
data substantiates this finding. Thus the concentrations of the salts 
used in this research would not be expected to affect bubble production 
or aerosol production. Kientzler, et al. (35) observed that bubbles 
bursting in sea water produce essentially the same droplet characteris-
tics as those bursting in fresh water with the exception that a much 
longer period of time is required for rupture of the bubble in sea water. 
Surface tension and viscosity data for the liquids used in this 
research are presented in Table 21, Appendix F. Surface tension ranged 
from 66.0 to 72.3 dynes/cm while viscosity was observed to range from 
0.93 to 1.01 centipoise. Newitt, et al. (33) observed no significant 
differences in mean droplet size from a surface tension of 68.74 dynes/ 
cm to 71.97 dynes/cm or from a viscosity of from 0.59 centipoise to 0.89 
centipoise. 
Experimental Procedures 
The following is a discussion of the procedures and equipment 
operation employed in conducting the various experiments of this study„ 
The approach involved in the experimental design was to have only one 
variable per experiment. In general, the variable was the composition of 
the test liquid. The other variable used at times was bubble size. 
Prior to each experiment, all necessary glassware and manipulative 
hardware were autoclaved at 121°C for 15 minutes. Nutrient agar for test 
liquid spore assays and deionized water for the preparation of the test 
liquids were also prepared and autoclaved as above. The special agar 
plates for use with the Andersen samplers were sterilized and each filled 
with the required 27 ml of nutrient agar at the Bioengineering Laboratory, 
Georgia Institute of Technology. 
A stock spore suspension was removed from refrigeration and allowed 
to come to room temperature. A quantity, usually 10 or 20 ml, of this sus-
pension was transferred to a previously sterilized milk dilution bottle, 
and the stock suspension returned to the refrigerator. This aliquot was 
heat treated in a water bath for 45 minutes at 65°C in order to destroy 
any vegetative cells present in the suspension. When cool, the aliquot 
was sampled and a spore assay performed as discussed in the previous sec-
tion on bacteriological assay. 
The liquids for use in the experiment at hand were then prepared. 
Into each glass dilution bottle was placed the amount of spore suspension 
required for the experiment. Next, sterilized deionized water or other 
special liquid for study was added in the proper amount to bring the total 
liquid volume to 100 m. All inorganic chemicals for use in the prepara-
tion of liquids were of reagent grade. All liquids employed were sterile 
except for the added spores. Each liquid was then analyzed for viscosity , 




**Beckman Model G 
The bubbler for use in the experiment was prepared by a thorought 
cleaning with chromic acid cleaning solution followed by several rinses 
with deionized water while air was flowing through the orifice. According 
to Bikerman (60), the bubble size varies with the radius of the capillary 
opening for wetted orifices and with the outside diameter for non-wetted 
orifices. The cleaning was to assure a constant bubble sizes throughout 
the study. The bubbler was then inserted into the aeration chamber and 
the chamber sealed to the conditioning column (See Figures 4-7). 
After all tubing had been connected to the aeration tank, the test 
liquid was poured into the holding reservoir. From the dilution air con-
ditioning chamber, air which had been in the conditioning process for some 
minutes was then allowed to flow through the entire experimental system at 
the design flow. The sampler was not yet in place and the sampler by-pass 
was functioning. The air was monitored for wet bulb-dry bulb temperatures 
until stabilized at about 35 per cent relative humidity at 22°C. The en-
tire laboratory was conditioned by steam heat and a room air conditioner 
to provide a constant temperature of 22±1°C. When stabilized, the rela-
tive humidity device was by-passed* Relative humidity measurements were 
made at various times during the experimental day < 
Next, the hypodermic syringe was employed to introduce the liquid 
into the aeration chamber. The liquid was allowed to rise to the very top 
of the aeration chamber so that surface tension would cause the liquid 
surface to become and remain convex upward throughout the run. This was 
to insure that bubbles would tend to remain in the very center of the 
chamber and conditioning column, and provide adequately reproducible ge-
ometry. 
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Air flow was regulated through the bubbler to provide the proper 
bubbling rate, generally about 1000 bubbles per minute. Bubbling rate 
was established and monitored by means of a stroboscopic light. Bubbles 
were observed to be produced always at very stable rates and to have con-
sis tant size and shape. Bubbling rates once established varied at most 
by five per cent. 
Andersen samplers were prepared by positioning in the samplers six 
special petri plates each containing 27 ml of nutrient agar. A sampler 
was placed inverted on the sample changer slide (See Figure 8). Then in 
sequence, the by-pass valve was closed, the slide immediately positioned 
to bring the sampler over the sample port, the sampler valve opened, the 
timer immediately engaged, and the flow gauges checked. The manometer 
was checked to assure no leaks in the system. All experiments were con-
ducted at 2.5 cm mercury vacuum (2.5 cm below atmospheric pressure). 
At the end of a pre-determined and pre-set time (never more than 20 
minutes to prevent drying out of agar), the timer would activate the 
trip-latch and allow the sampler mechanism slide to remove the sampler 
from over the sample port, purge the sampler, and open the by-pass valve. 
The completed sample was then removed, a new sampler put in place on the 
slide, and the timer re-set. According to the experimental design, another 
sample would be taken as above, or the test liquid removed from the aera-
tion chamber, a new liquid introduced, and another series of samples taken. 
The liquid was removed from the aeration chamber by use of the hy-
podermic syringe while the system was in continuous operation. After re-
moval of the liquid, the chamber was rinsed several times with deionized 
water before a new liquid was introduced. 
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As each sample was taken, the petri plates were removed from the 
sampler, inverted in their cover plates and incubated for 24 hours at 37°C. 
At the beginning and end of each experimental series, background 
samples were obtained. Not more than four background colonies per ten-
minute sample were observed during the study. 
At the end of the experiment, the liquid was removed from its cham-
ber, the dilution air conditioning system and vacuum pumps were shut down, 
and the entire aeration and sampling system thoroughly cleaned. 
At the end of the incubation time, the plates were counted to de-
termine the numbers of Bacillus subtilis colonies present. On the aver-
age of only about once per 100 plates were any colonies other than those 
of Bacillus subtilis found on a plate, and then usually only one or two 
at most. Bacillus subtilis colonies are easily recognized by their cha-
racteristic brown-orange color. The counts were made on a standard Que-
bec counter. "Positive hole" corrections were applied to counts made on 
plates three through six as discussed in Chapter II. 
The distribution of bioparticle counts may be described by the 
Poisson distribution (75). From the experience of other workers (62), 
the collection and counting of bioparticles from bioaerosols can result in 
errors averaging 15 per cent of the numbers counted. As a result, experi-
ments were designed to yield counts of 172 or greater in order to main-
tain a 95 per cent statistical level of confidence, accepting experimental 
errors of 15 per cent or less. Under these circumstances, the goodness-
of-fit of observed counts to the Poisson expectancy could be determined by 
Chi Square testing (75) (See Appendix E, Table 13). 
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CHAPTER IV 
RESULTS AND DISCUSSION 
General 
The results of this research are discussed in general in terms of 
their relationship to the primary research objectives, i.e. to demonstrate 
whether or not viable bioaerosols can be produced by the aeration of liq-
uids containing microorganisms, and in particular in terms of the jet 
droplet and the film droplet mechanisms. The discussion of results is in-
dependent of the time sequence of experimentation. 
Bacillus subtilis var. niger spores were used as tracer organisms 
because of their resistance to desiccation and other environmental condi-
tions employed in the research and because of the ease by which they may 
be detected. They were sampled in the airborne state by use of an Ander-
sen bioaerosol sampler. The sampler was used without its customary en-
trance cone. Without this restricting cone, the sampler is capable of 
collecting all airborne particles over an effective size range of from 
less than 0.5u diameter to greater than 100y diameter. The size range of 
bioparticles of interest in this study was from approximately one u diame-
ter (the effective diameter of one spore) to approximately 100u diameter 
(the maximum particle size which could be entrained in the experimental 
system). All results and conclusions discussed in this chapter assume 
these conditions. 
The design of the experimental system was such as to preclude the 
formation of aerosols of the size range of interest in any manner except 
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the bursting of bubbles, e.g. no wind action, no wave action, no mechani-
cal action, etc. The aeration chamber and the bubbler depth was designed 
to reduce to a minimum any flotation of spores which may have occurred. 
No significant evidence was found of flotation having occurred during the 
experimentation. The distribution of Bacillus subtilis colonies on the 
first or any other stage of the Andersen sampler was observed to be 
generally uniform indicating that there was no significant concentration 
of airborne spores in any region of the sampler intake. A check of spore 
contamination on the interior walls of the conditioning column revealed 
numbers small in comparison to the numbers passing through the column, 
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approximately 12 per 100 cm per experiment. Higher numbers, averaging 
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about 60 spores per 100 cm per experiment, were detected on the walls 
within 15 cm of the aeration chamber indicating that some liquid droplets 
containing spores were projected directly to the column walls. 
Microscopic examinations revealed that no agglomeration of spores 
occurred in any of the liquids used in this study. The spore suspensions 
were essentially completely dispersed during experimentation. 
The following conveniences were adopted for use in this chapter 
to facilitate the presentation of results. They are as follows: (1) 
spore means spore of Bacillus subtilis var. niger; (2) all aerosol produc-
tion data and references to bioparticles and bioaerosols refer to viable 
production, viable bioparticles, and viable bioaerosols whether stated or 
not, where the term viable refers to ability to form colonies on the 
growth media employed; (3) bubble size refers to bubble diameter; and (4) 
particle, bioparticle, bioaerosol, and aerosol size refers to count median 
diameter (CMD) as the case may be, as determined by means of the Andersen 
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sampler (76). Also, the test liquids were coded for ease of reference. 
Definition of the symbols employed are found in Table 3. The number fol-
lowing the letter symbol refers to the concentration of the added chemical 
in milligrams per liter except for A and DA in which cases the numbers re-
fer to concentration in microliters per liter. For example G-150 refers 
to DM plus 150 milligrams of gelatin per liter. A-100 refers to DM plus 
100 microliters of octanoic acid per liter. 
Table 3. Definition of Test Liquid Symbols 
Symbol Definition  
DM Demineralized water 
A DM plus octanoic acid 
DA DM plus dipentylamine 
G DM plus gelatin 
P DM plus peptone 
PH DM plus dibasic potassium phosphate 
S DM plus sodium chloride 
The basic experimental data are presented in Appendix A. Appendix 
B contains the sampling data as determined by means of the Andersen sam-
pler. Appendix C presents a basic summary of the sample data in a re-
duced form and contains information on bioparticle median size, size dis-
tribution and production rate. 
The data obtained by means of the Andersen sampler when plotted on 
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log probability paper usually yielded straight lines. The bioparticle 
size distribution data in Appendix C were determined from log probability 
plots. 
To aid interpretation of the sampling results obtained from the 
experiments, information was also obtained on the background spore concen-
tration of the dilution air and aeration air before and during the ex-
perimental period. These data are presented as Appendix D. 
Bioparticle Size Distribution 
The possibility of air being a route for the spread of infection 
lends importance to the study of bioaerosol production. Airborne infec-
tion may be produced in two ways, (1) lung penetration by infectious bio-
particles and (2) the deposition of infectious bioparticles in the upper 
respiratory tract with subsequent ingestion. The route followed by an 
inhaled bioparticle is determined by the particle's effective aerodynamic 
diameter. This is thought to be the same quantity which is determined by 
the Andersen sampler. In general, particles with diameters smaller than 
about five microns can penetrate and be retained by the lung to varying 
degrees. Particles larger than about five microns diameter are usually 
retained in the upper respiratory tract and subsequently ingested. A 
graphical representation of particle penetration into the human lung is 
presented in Figure 13. 
Data collected in this research allowed the determination of the 
size distributions of viable bioparticles produced by aeration of various 
liquids with several different size bubbles. The bioparticle size distri-
butions usually plotted as straight lines on log-probability paper. Count 
median diameters (CMD) ranged from a minimum of 2.4uto 22.5y with the 
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Figure 13. Total and Regional Deposition of Inhaled P a r t i c l e s 
in the Human Lung 
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majority being less than ten u. The geometric standard diviations of the 
bioparticle distributions ranged from 1.26 to 8.33 with a majority less 
than 3.00. 
Solids concentration in the liquids studied was varied up to 1600 
mg/1. Generally, increased solids concentrations were accompanied by in-
creased median diameters. However, certain ionizable inorganic and simple 
organic solids actually resulted in reduced mean diameters as is discussed 
in the section on the effect of test liquid composition on bioaerosol pro-
duction. Other factors which influenced bioparticle size distribution 
were spore concentration in the liquid and bubble diameter„ Each of these 
are discussed in detail elsewhere in this report. 
Effect of Spore Concentration on Bioparticle Production 
If a bioaerosol is produced by bubbling air through a liquid con-
taining spores, then an increase in the spore concentration in the liquid 
would presumably result in an increase in the bioparticle production rate. 
However, once each liquid droplet produced contains at least one spore, 
then any increase in spore concentration in the liquid should not result 
in an increase in bioparticle production, but should only increase the 
number of spores per particle. 
Several experiments were conducted to determine the effect of spore 
concentration on bioaerosol production. Four bubble sizes and seven dif-
ferent liquids were utilized. Data for two bubble sizes, 0.5 mm and 2.2 mm 
diameter, are presented in Figures 14 and 15 respectively. Data collected 
from all six stages of the Andersen sampler were totaled and presented as 
the number of bioparticles produced per 1000 bubbles. 
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distinct groups. One group plotted as a straight line on rectangular 
graph paper. The line has positive slope and passes through the origin, 
i.e. zero bioaerosol production at zero spore concentration, as may be 
seen in both Figures 14 and 15. Thus in this regime, an increase in 
spore concentration in the liquid by a factor of two results in an in-
crease in bioparticle production rate by a factor of two. Bioparticle 
production is seen to be directly proportional to spore concentration, 
The other group of data also plotted as essentially a straight line 
on rectangular graph paper for each experimental condition. However, the 
line does not pass through the origin and is, in general, almost parallel 
to the absissa. This indicates that the liquid droplets being produced 
by aeration of the liquid became somewhat saturated with spores, i.e. 
most droplets contained at least one spore. 
The point where extentions of the two lines intersect represents 
that concentration of spores in the liquid sufficient to contribute at 
least one spore to each droplet of the median size produced by aeration^ 
The absence of a sharp breakpoint is most likely due to the fact that a 
range of droplet sizes are produced. The positive slope of the group of 
data beyond the breakpoint may also be due to the existence of a range of 
droplet sizes (the smaller sizes continuing to approach saturation) as 
well as to the statistical variation in the probability of each droplet 
containing at least one spore at concentrations equal to or greater than 
that which simple probability would dictate that saturation be achieved. 
The significance of the locations of the breakpoints for the various bub-
ble sizes is discussed in the following section on initial droplet size 
distribution. 
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Initial Droplet Size Distribution 
Experiments were conducted to determine the effect of liquid compo-
sition on mean initial droplet sizes. If initial droplet size is inde-
pendent of the liquid used, then observed variations in bioparticle dis-
tribution and median size may be said to be due to factors other than 
changes in initial droplet size. 
For bubble sizes of 0.5, 0.9, Id, and 2.2 mm diameter, represen-
tative liquids were utilized in experiments in which spore concentration 
was varied. Since Andersen plates are designed to indicate only viable 
bioparticles, liquid droplets which do not contain spores will not be de-
monstrated. Thus, when the spore concentration in the liquid is increased, 
an increase in colonies on the Andersen plates for the droplet size of in-
terest should be observed until the spore concentration becomes such that 
the probability is that each droplet will contain one spore. There should 
then be no further increase in Andersen colony counts since a droplet con-
taining more than one spore is observed as a single colony. Experiments 
24-27, 35-38, 57-60, 69-72, and 77-90 were designed primarily to indicate 
initial droplet size. 
Figure 14 is a plot of data for a bubble size of 0.5 mm while 
Figure 15 is for a bubble size of 2.2 mm. As may be observed, all data 
indicate a breakpoint at about 1.5 X 10 spores per ml for a bubble size 
of 0„5 mm, while for a bubble size of 2.2 mm, only data for G-150, P-400, 
and DM average about the same at 2.1 X 10 spores per ml. A summary of 
results for bubble sizes of 0o5, 0.9, 1.1, and 2.2 mm is presented in 
Table 4« Initial droplet CMD was computed as follows: 
Dd £ (6/*Csp)1/3 <15> 
o v 
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Where: D, = initial droplet CMD 
a 
C = aeration liquid spore concentration. 
sp r 






















































































Data for all Sampler plates in each experiment were summed to give 
the data used in determining the initial observable droplet sizes. There-
fore, the initial droplet sizes determined were the initial observable 
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median sizes. The breakpoint was observed not to be a sharp point but 
rather a point of inflection, and the data beyond the breakpoint was found 
to have a positive slope due to the droplets smaller than the median size 
which continued to approach their respective saturation concentrations. 
This is further indicated by a decrease in median diameter and in general 
an increase in o with increase spore concentration in the liquid as may 
be seen in Table 11, Appendix C, 
As may be observed in Figure 15 for a bubble size of 2.2 mm, the 
breakpoint spore concentration for liquids S-400, PH-400, A-50, and DA-50 
is smaller than that for DM, G-150, and P-400. Since DM, G-150, and P-400 
contain either pure water or water with biological material similar to the 
spores themselves, these liquids were selected to calculate the initial 
droplet size. The smaller spore concentration necessary to reach mean 
droplet saturation with the electrolyte and simple organic liquids indi-
cates basically two possibilities, (1) an alteration of the droplet forma-
tion mechanism and/or (2) a concentration of spores in the droplet forming 
liquid. Possibility number (2) is the more realistic assumption for 
several reasons. First, experimental evidence was gathered which shows 
little if any variation of the basic liquid properties which affect drop-
let formation namely viscosity and surface tension (See Table 21, Appen-
dix F). Second, initial mean droplet sizes for 0.5 and 0.9 mm diameter 
bubbles were constant irrespective of the liquid. These bubble sizes pro-
duce droplets primarily by the jet droplet mechanism (35). Third, the 
smaller breakpoint concentrations indicate either larger initial droplets 
or a concentration of spores in the droplet forming liquid. However, the 
liquids producing the smaller breakpoint spore concentrations were chosen 
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for the purpose of spore concentration at the air-liquid interface as dis-
cussed in a later section. 
It is interesting to note that the experimentally observed median 
droplet size produced by the 0.5 mm diameter bubbles is identical to the 
theoretical of 50y diameter (35) as produced by the jet-droplet mechanism. 
Table 5 presents this data for the 0.9, 1,1, and 2.2 mm bubbles also. It 
should be pointed out that the maximum droplet size capable of being 
transported by the air flow in the conditioning column is approximately 
100u diameter. 
Table 5. Experimental vs. Theoretical Droplet Sizes 
Bubble Observed Theoretical Ratio of 
dia. droplet CMD jet droplet CMD Observed to 
(mm) (ju) ( y ) Theoretical 
0.5 50 50 1.00 
0.9 66 90 0.73 
1.1 82 110 0.75 
2.2 97 220 0.44 
In Table 6 is presented a comparison among observed and calculated 
droplet and bioparticle sizes. Calculated bioparticle CMD was determined 
using the following equation: 
D = ( (V + TTD,3 C / 6 ) 6 / T T ) 1 / 3 (16) 
a sp d s 
r o 
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where: D = bioparticle CMD 
V = volume of one spore 
sp 
D = initial droplet CMD 
o 
C = test liquid solids concentration (vol./vol.) 
s H 
Table 6. Comparison Among Observed and Calculated 
Droplet and Particle Sizes 
Liq. Exp. Bubble Observed Observed Calcu- Ratio Ratio 
media no. dia. initial bio- lated (4)/(5) (5)/(6) 
droplet particle bioparticle 
CMD CMD CMD 
(mm) (v) (y) (vO 
(1) (2) (3) (4) (5) (6) (7) (8) 
G-150 57 0.5 50 7,2 2.7 6.95 2.66 
26 0.9 66 9.5 3.5 6.95 2.71 
59 1.1 82 10.7 4.4 7.66 2.44 
60 2.2 97 10.1 5.2 9.60 1.95 
P-400 71 0.5 50 5.5 3.7 9.10 1.49 
72 0.9 66 6.5 4.8 10.2 1.35 
69 1.1 82 8.5 6.0 9.65 1,42 
70 2.2 97 7.2 7.2 13.5 1.00 
S-400 80 0.5 50 7.5 3.7 6.66 2.03 
79 0.9 66 8.0 4.8 8.25 1.67 
DA-50 83 0.5 50 5.4 2.0 9.25 2.70 
84 0.9 66 12.0 2.5 4.50 4.80 
A-50 86 0.5 50 5,2 2.0 9.61 2.60 
87 0.9 66 5.8 2.5 11.4 2.32 
PH-400 89 0.5 50 4.6 3.7 10.9 1.24 
The discrepancy between observed and calculated bioparticle CMD 
(Table 6, Columns 5 and 6) is represented by the ratio of observed to cal-
culated (column 8) and is thought to be the result of water associated 
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with the observed bioparticles. The sample closest to the breakpoint was 
used to obtain the observed mean bioparticle CMD used in these calculations. 
The ratio between observed and calculated bioparticle CMD indicates, there-
fore, that G-150, DA-50, and A-50 produced bioparticles which contained a 
higher percentage of water at the sampling point, while P-400, S-400, and 
PH-400 tended to evaporate to a greater extent. Since the Andersen sampler 
is an impactor sampler, the calculated bioparticle CMD's were derived using 
the assumptions that all water is evaporated and that all solids have an 
effective specific gravity of one compared with water. Further, the vol-
3 
ume of a spore, approximately 0o6y , was applied as a correction factor 
since each bioparticle must contain at least one such spore to be observed. 
It is noted, however, that droplets may contain two or more spores. 
Figure 16 presents for bubble diameters 0.5, 0.9, 1.1, and 2.2 mm 
theoretical initial droplet distributions. The distributions are for all 
droplets produced and not merely those containing one or more spores. 
The distributions were derived by employing the probability that the vari-
ous droplet sizes will contain at least one spore (See Table 22, Appendix 
F). Note that for 0.5 mm bubbles, the calculated mean initial droplet 
size of 45.5y is approximately equal to the theoretical jet droplet size 
of 50 p. 
Effect of Bubble Size on Bioparticle Production 
A study to demonstrate the effect of aeration bubble size on the 
production of bioparticles was conducted to provide insight into the 
mechanisms involved. Andersen sampler data allowed determination not only 
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Presented in Figure 17 are frequency distribution curves for the 
bubble sizes used most frequently in this research. The liquid used to 
obtain these data was DM. As may be observed, the distributions shift 
from generally smaller size particles for 0.5 mm bubbles to relatively 
larger particles for 0.9 and 1.1 mm. For the larger bubbles of 2.2, 3.7, 
and 5.7 mm, the shift in particle size is back to the smaller sizes,, Note 
that the largest bubbles produced the smallest particles. Figure 18 is a 
log normal presentation of this same particle size data. Log normal plots 
of the data yielded straight lines. The median particle size ranged from 
3.6y for 0.5 mm bubbles to a maximum of 5.1u for 1.1 mm bubbles and to a 
minimum of 3.3y for 5.7 mm bubbles. This trend of median diameter in re-
lation to bubble size is evident throughout the experimental data. 
Data from all appropriate experimental series were combined in a 
manner which would best show the variation of particle size versus bubble 
size. The data was reduced to mean ratios of bioparticle CMD for the vari-
ous bubble sizes to the bioparticle CMD for 0.5 mm bubbles. In such a 
representation, all variables except those plotted are eliminated. The 
observed differences in bioparticle CMD in relation to bubble size were 
determined to be significant at the 99 per cent level of confidence (See 
Appendix E). The trend was toward a maximum bioparticle CMD for the 0.9 
mm bubble and to a minimum for the 5.7 mm size (see Figure 19). The in-
dication is that there was a change in droplet production mechanism. In 
general, investigators have observed only jet droplets to be formed by 
bubbles up to about two mm in diameter (35) and primarily film droplets 
from bubbles 3 mm in diameter and larger (33). Jet droplets would be ex-
pected to become continuously larger with larger bubble sizes (35). 
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However, droplets larger than the median size expected from the jet drop-
lets produced by 1.0 mm bubbles could not be entrained in the conditioning 
column and were therefore not observed in sampling data. Some decrease 
in mean bioparticle size may be justified in such a manner, but the de-
crease is larger than would be expected due to the maximum entrained 
droplet size alone. In fact, increased bubble size would be expected to 
produce smaller film droplets because of progressively thinner films,, 
The number of jet droplets per bubble burst has been shown to de-
crease as the bubble size becomes larger than 1.2 mm diameter (32). 
Figure 20 confirms that the number of observable droplets per bubble burst 
not only increased from a bubble size of 0.5 mm to one of 1.1 mm diameter 
as would be expected (32), but also increased with increasing bubble size 
to 5.7 mm. This finding further indicates that not only the jet droplet 
mechanism is in operation, but also that an additional mechanism (film 
droplet) is in evidence, especially for bubbles of 2.2 mm diameter and 
larger. The observed differences in droplet production in relation to 
bubble size were found to be significant at the 99 per cent level of con-
fidence (See Appendix E). 
Closer examination of the size distribution data reveals a trend in 
the dispersion of bioparticle sizes. The mean geometric standard devia-
tions of the distributions for the different bubble sizes, reduced to a 
common base, are plotted in Figure 21 (See also Appendix E). The mean 
geometric standard deviation is shown to increase with bubble size to a 
maximum at a bubble size of about 1.1 mm and then to decrease to a bubble 
size of 5.7 mm. Again, these data indicate two mechanisms of droplet pro-
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(jet droplet and film droplet) would be expected to be relatively small. 
But the mean sizes would be expected to differ (33). Therefore, the dis-
persion of the distribution of droplets produced by both mechanisms taken 
together would be expected to be greater. Since jet droplets are expected 
for the 0.5 mm bubble size (35) and film droplets at the 5.7 mm size (33), 
the existence of the two together at the 1.1 mm size is indicated by the 
larger mean geometric standard deviation. The trend toward more film drop-
lets and fewer jet droplets as bubble size increases is indicated by a 
decrease in mean geometric standard deviation. 
The data for mean bioparticle production when reported as produc-
tion per liter of aeration air, under the conditions of this research, 
become even more significant. Production of bioparticles per liter of 
aeration air as related to bubble size is shown in Figure 22. An average 
of over three million viable bioparticles were produced per liter of aera-
tion air with 0.5 mm bubbles. Production is reduced to less than six 
thousand bioparticles per liter with 5.7 mm bubbles. These data are 
highly significant when considered from the standpoint that approximately 
half of the bioparticles produced were of a size range permitting lung 
penetration. The solids concentrations employed in the liquids were not 
significantly different from those observed for many domestic sewages as 
they undergo treatment (78). The mean spore concentration of the liquids 
7 7 
employed to obtain these data ranged from 1.2 X 10 to 7.8 X 10 per ml 
and is comparable with microorganism concentrations reported for domestic 
sewage (79). 
Plotted for comparison along with production data in Figure 22 is 
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per liter of aeration air assuming identical production per bubble irre-
spective of bubble size with the production for 0.5 mm bubbles taken as a 
base for comparison. The variation in bioparticle production per liter of 
aeration air is thus seen to depend to a greater extent upon volume of 
air per bubble than upon the variation of bioparticle production per bub-
ble. 
It should be pointed out that in sewage treatment practices invol-
ving aeration, smaller bubble sizes are desirable to obtain maximum oxygen 
transfer from air to liquid. 
Effect of Test Liquid Composition on Bioparticle Production 
The liquids used in this study were chosen not only to demonstrate 
the effects of liquid composition but to allow observation of the bioaero-
sol production mechanisms. Typical results obtained by use of the various 
liquids are presented in Figures 23, 24, 25, and 26. 
With the jet droplet mechanism, an amount of liquid from the bulk 
of the liquid is projected into the air upon collapse of a bubble crater. 
Whether or not there is any association of spores with liquid films and 
the air-liquid interface can have little or no effect upon the probability 
that a droplet of liquid containing a given spore concentration will 
actually contain a spore. Therefore, the primary effect of the use of 
any one of the three types of liquids should only shift the median parti-
cle diameter to a larger size based upon the equilibrium water content of 
the particle as dictated by the experimental conditions. Shown in Figure 
23 are typical bioparticle size distribution plots for DM and G-150 liquids 
produced by 0.9 mm bubbles. The distribution for the G-150 liquid is es-
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shift in median particle size. When the G-150 distribution is shifted to 
nullify the effect of the increased solids concentration, the two distri-
butions become essentially one and the same. Figure 24 shows the same 
type data for DM and S-400 liquids for a bubble size of 0.8 mm. Again, 
the essential difference is the shift in median particle size to account 
for the increased solids content of the liquid. The fact that S-400 liq-
uid is an electrolytic solution and interacts with the spore surface is 
not evident in the plot. These same types of relationships were observed 
to hold for all liquids used with bubble sizes of 0,9 mm and smaller. A 
summary of the data upon which this statement is based is presented in 
Table 7. The indication again is that the jet droplet mechanism is the 
mechanism primarily responsible for droplet production with bubble sizes 
of 0.9 mm and smaller. The evidence is that the jet droplet mechanism 
can produce viable bioaerosols. 
Table 7. Effect of Test Liquid on Bioparticle 
Distribution Characteristics 











(1) (2) (3) (4) (5) 
15 3.7 DM 28 3,2 
S-100 40 2.8 
S-400 62 1.7 
16 2.2 DM 41 2.6 
S-100 39 2.8 
S-400 66 1.5 
17 1.2 DM 18 6.1 
S-100 35 3.2 
S-400 57 1.9 
Table 7. Effect of Test Liquid on Bioparticle 
Distribution Characteristics (Continued) 
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Table 7. Effect of Test Liquid on Bioparticle 
Distribution Characteristics (Continued) 
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Exp. no. Bubble Test Per Cent Mean 
dia. liq. ĵ  2.2 y dia, 
(mm) dia. ( y ) 
11) (2) (3) (4) (5)_ 


























































Table 7. Effect of Test Liquid on Bioparticle 
Distribution Characteristics (Continued) 



































Note: Data in columns (4) and (5) have been adjusted for solids concen-
tration to compare with DM. 
For bubbles of a size to permit the formation of droplets by the 
film droplet mechanism, some of the different types of liquids should pro-
duce distribution changes. Again, since they should have essentially no 
effect upon the spore surface characteristics, the inert liquids should 
have no effect on distribution except to shift the mean diameter to a 
larger size as indicated by the typical results shown in Figure 25 for 
G-150 and a bubble size of 3.7 mm. The G-150 distribution when shifted to 
account for the increased solids concentration becomes almost identical 
to the distribution for DM as was observed for all experimental data in-
volving inert liquids (See Table 7). 
The electrolytic and collector type liquids were observed to cause 
changes in bioparticle size distributions for the larger bubbles when com-
pared to those for DM. Figure 26 is for DM and S-400 liquids and 3.7 mm 
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bubbles. As may be seen the mean particle size did not become larger as 
was the case for G-150 and as would be expected merely from an increase in 
solids concentration, but instead became smaller. Moreover, when the dis-
tribution was shifted to account for the increased solids concentration, 
the median particle size became even smaller. As may be seen from Figure 
26, the corrected median particle size for S-400 is 1.7u as compared with 
3.2y for DM. Approximately 65 per cent of the particles produced by the 
S-400 liquid were equal to or less than 2.2 ywhile only about 25 per cent 
of the particles produced by DM were equal to or less than 2.2 y . The 
indication is that a significant change in droplet production and resulting 
distribution has occurred. This same type alteration of particle size 
distribution occurred also with liquids containing organic collectors and 
other electrolytes for bubble sizes of from 3.7 mm to 1,7 mm and to a 
lesser degree to 1.1 mm. A summary of these data are presented in Table 7. 
As shown in Figure 27 and as presented by other investigators, salt 
concentrations of the magnitude used in these experiments have very little 
effect upon the production of droplets by the jet droplet mechanism. Thus 
the modification of the particle size distribution noted in Figure 26 is 
regarded due to the presence of film droplets. 
The alteration of particle size distribution as discussed above 
leads to an explanation as follows: The addition of electrolytes or or-
ganic collectors to the liquid allows the apores in the liquid to be less 
repulsive to the air-liquid interface, in other words, to be less hydro-
phylic and more hydrophobic. As the bubble film drains prior to rupture, 
the less hydrophylic a spore becomes, the greater the change it has of 
becoming entrapped between the two air-liquid interfaces of the film. 
700 i r 
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Figure 27. Biopar t ic le Product ion Rate for Var ious Tes t Liquids 
in Relation to Bubble Diameter 
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The greater the chance of being trapped, the higher the spore concentration 
is in the drained film, and therefore, the greater the chance that a film 
droplet will contain a spore. This process would have no effect upon the 
bioaerosol produced by the jet droplet mechanism. Even if the observed 
distribution changes are in part the result of minor changes in surface 
tension and viscosity, the fact that the changes occur with large bubbles 
shown by investigation (33) to produce film droplets and does not occur 
with small bubbles shown by others (35) not to produce film droplets is 
indication that the changes are a result of the presence of film droplets. 
Thus the indication is that the film droplet mechanism is capable of pro-
ducing viable bioaerosols. 
Figure 28 was constructed to allow observation of the effective-
ness of the various test liquids in producing bioaerosols. Mean production 
rates were compared with the mean production rates of DM for the various 
bubble sizes employed. The production rates for DM, DA, A, PH, and S were 
approximately the same for bubble sizes of 0.5 mm and 0.9 mm. In each 
case, the bubbles burst quickly upon reaching the liquid surface with 
some bubble mergers for the 0.9 mm bubble size. The production rates for 
both G and P were substantially greater. The bubbles remained at the 
liquid surface for periods of time up to six seconds before bursting with 
no bubble mergers. The indication is that bioaerosol production by the 
jet droplet mechanism may be somewhat dependent upon bubble stability at 
the liquid surface. 
For bubble sizes of 1.1 mm and greater, every liquid showed sub-
stantially greater production of bioparticles per 1000 bubbles than did 
DM. For DM, DA, A, PH, and S, the bubbles burst quickly upon reaching the 
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surface but less quickly than for the smaller bubble sizes. There were 
some bubble mergers. Again, G and P produced bubble stability at the 
surface up to six seconds. 
The continued increase in bioparticle production rates with in-
crease in bubble size in a bubble size range where the production of jet 
droplets has been shown to decrease with increasing bubble size provides 
further indication of the action of the film droplet mechanism in bioaero-
sol production. Table 8 provides a comparison of bioparticle production 
rates for the various bubble sizes for each test liquid based upon pro-
duction rates for the 0.5 mm bubble size. The only liquid other than DM 
which does not show marked increase in production rate for the larger 
bubble sizes is G which actually shows a decrease. The surface viscosity 
of gelatin is high compared with water. The greater surface viscosity 
may account for the reduced relative production in the range of bubble 
sizes in which film droplets presumably account for the major production 
of bioparticles. 
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Table 8. Comparison of Bioparticle Production Rates 
Test Per cent mean bioparticle production rate for various bubble 
liquid sizes based upon production rate for bubble size 0.5 mm.  
0.5 0.9 1.1 2.2 3.7 5.7 
DM 100 123 129 133 125 
DA 100 108 140 176 
A 100 107 251 417 
PH 100 268 290 310 
S 100 156 220 354 249 
G 100 61 63 77 49 





SUMMARY AND CONCLUSION 
The major goals of this study were achieved. Bioaerosols were 
found to be produced by the bursting of 0.5 mm to 5.7 mm diameter bubbles 
(the range of bubble sizes studied) at the surface of liquids containing 
tracer spores of Bacillus subtilis var. niger. Jet droplets formed by the 
collapse of bubble craters were observed to provide a mode of bioaerosol 
generation from bubbles of 0.5 mm to approximately 1.0 mm diameter. Film 
droplets created by the rupture of bubble films were found to supply a 
means of bioaerosol generation from bubbles of approximately 1.0 mm to 
5.7 mm diameter. 
Other findings of importance were also made. Bioparticle produc-
tion rate varied in direct proportion to the spore concentration of the 
test liquid to a concentration at which each droplet contained at least 
one spore. With further increases in spore concentration, production 
rate remained essentially constant. For a mean spore concentration com-
parable with microorganism concentrations found in domestic wastes, mean 
bioparticle production was observed to range from a maximum of approxi-
mately three million bioparticles per liter of aeration air for 0.5 mm 
diameter bubbles to a minimum of approximately five thousand per liter 
for 5.7 mm diameter bubbles. Bioparticle size distribution in air varied 
with the spore concentration of the liquid. Increases in spore concentra-
tion resulted in decreased mean bioparticle size and increased dispersion 
of size distribution as the chance for smaller and smaller droplets to 
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contain at least one spore increased. 
Bioparticle size distribution characteristics were found to vary 
with bubble size. Median bioparticle size increased with bubble size to 
a maximum for bubbles of approximately 0.9 mm diameter and then decreased 
to a minimum for 5.7 mm bubbles. Dispersion of size distribution in-
creased with bubble size from a minimum for bubbles of 0.5 mm diameter 
to a maximum for 1.1 mm bubbles and then decreased to an intermediate 
value for 5.7 mm bubbles. Bioparticle production per bubble burst in-
creased with bubble size. 
Bioparticle production varied with the composition of the liquid 
being aerated. Bioparticle production was from two to five times greater 
for gelatin and peptone sols than for demineralized water. Although es-
sentially the same for bubbles of from 0.5 to 1.0 mm diameter, production 
for larger bubbles ranged up to three times greater for sodium chloride, 
dibasic potassium phosphate, octanoic acid, and dipentylamine solutions 
than for demineralized water. Water sols of gelatin and peptone affected 
the size distribution of bioparticles over the entire range of bubble 
sizes studied by increasing the median bioparticle size without signifi-
cantly affecting dispersion. Water solutions of sodium chloride and di-
basic potassium phosphate and collector solutions of octanoic acid and 
dipentylamine affected bioparticle size distribution by increasing the 
median sizes without significantly affecting dispersion for bubbles up 
to approximately one mm diameter. However, the electrolyte and collector 
solutions were observed to decrease median bioparticle size and increase 
dispersion for bubbles larger than approximately one mm diameter. 
The median bioparticle sizes produced under the conditions of this 
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study were generally small enough to remain airborne and to permit lung 
penetration with the larger sizes capable of being retained in the upper 
regions of the human respiratory system. 
Conclusion 
It was concluded within the limits of this research that: (1) bio-
aerosols are produced by bubbles bursting at the surface of liquids con-
taining microorganisms; (2) that both the rupture of bubble films as well 
as the subsequent collapse of bubble craters provide mechanisms for the 
production of bioaerosols; (3) that bubble size and the composition and 
microorganism concentration of the liquid being aerated significantly af-
fect bioparticle size distribution and production rate; and (4) that aera-
tion of contaminated wastes and other liquids could be responsible for the 




Based upon the findings of this study, the following recommenda-
tions are presented. 
Domestic waste treatment devices and processes employing aeration 
should be considered as potentially hazardous from the standpoint of air-
borne infection. A comprehensive epidemiological study of the incidence 
of respiratory and other diseases in sewage treatment plant personnel 
should be initiated. Such studies should also be conducted in residential 
and other areas surrounding aeration facilities which are used to treat 
domestic wastes from Tuberculosis hospitals in an effort to search out a 
possible factor in the rising incidence of Tuberculosis in this country. 
Thought should be given to possible ways of controlling bioaerosol 
production from the activated sludge process. Potential corrective meas-
ures might include (1) addition of chemicals to the waste being aerated to 
reduce the association of pathogenic microorganisms with the air-water 
interface, (2) addition of chemicals to alter the characteristics of the 
wastes which allow the production of bioaerosols, (3) supplying of oxygen 
to the process by means other than bubble aeration such as the use of 
oxygen transfer membranes, (4) covering the aeration tanks and providing 
for recirculation and/or filtration of process air or passage of the air 
through incinerators and (5) possibly replacing the process with one which 
does not present a potential airborne infection hazard. 
Laboratory experiments involving aeration of contaminated liquids 
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should be conducted in vented hoods or possibly in well vented rooms pro-
vided with means for high efficiency filtration of recirculated and wasted 
air. 
Studies should be conducted to determine if there is any selectivity 
in the aerosolization of pathogenic and potentially pathogenic microor-
ganisms by aeration. Studies should also be directed toward alteration of 
the aeration process and/or microorganisms involved in an effort to deter-
mine ways of reducing and possibly eliminating the production of hazardous 
bioaerosols by aeration. The vertical column experimental design used in 
this study proved to be a useful device for studies of this nature. It 
can be very easily converted into a completely closed system design for 
the study of pathogenic microorganisms. 
An index or index organism should be formulated or discovered 
which will allow evaluation of the airborne infection potential from 
sewage treatment devices. 
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APPENDIX A 
BASIC EXPERIMENTAL DATA 
Table 9. Basic Experimental Data 
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Exp. Run Date Test Spore Bubble Temp. Rel. 




(mm) /min (°c) (%) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
10 1 9-21-65 DM 7.1 5.7 1000 23 40 
10 2 9-21-65 DM 7.1 3.7 1000 23 40 
10 3 9-21-65 DM 7.1 2.2 1000 23 40 
10 4 9-21-65 DM 7.1 1.1 1000 23 40 
11 1 9-22-65 S-100 7.1 5.7 1000 23 37 
11 2 9-22-65 S-100 7.1 3.7 1000 23 37 
11 3 9-22-65 S-100 7.1 2.2 1000 23 37 
11 4 9-22-65 S-100 7.1 1.1 1000 23 37 
12 1 9-23-65 S-1600 7.1 5.7 1000 24 35 
12 2 9-23-65 S-1600 7.1 3.7 1000 24 35 
12 3 9-23-65 S-1600 7.1 2.2 1000 24 35 
12 4 9-23-65 S-1600 7.1 1.1 1000 24 35 
13 1 9-24-65 S-400 7.1 5.7 1000 24 38 
13 2 9-24-65 S-400 7.1 3.7 1000 24 38 
13 3 9-24-65 S-400 7.1 2.2 1000 24 38 
13 4 9-24-65 S-400 7.1 1.1 1000 24 38 
15 1 10-7-65 DM 5.2 3.7 1000 24 35 
15 2 10-7-65 S-100 5.2 3.7 1000 24 35 
15 3 10-7-65 S-400 5.4 3.7 1000 24 35 
15 4 10-7-65 S-1600 5.4 3.7 1000 24 35 
16 1 10-8-65 DM 7.8 2.2 1000 24 35 
16 2 10-8-65 S-100 7.8 2.2 1000 24 35 
16 3 10-8-65 S-400 7.8 2.2 1000 24 35 
17 1 10-8-65 DM 7.8 1.2 1000 24 35 
17 2 10-8-65 S-100 7,8 1.2 1000 24 35 
17 3 10-8-65 S-400 7.8 1.2 1000 24 35 
18 1 10-9-65 DM 4.6 0.8 1000 24 35 
18 2 10-9-65 S-100 4.6 0.8 1000 24 35 
18 3 10-9-65 S-400 4.6 0.8 1000 24 35 
19 1 10-9-65 DM 4.6 0.5 800 24 35 
19 2 10-9-65 S-100 4.6 0.5 800 24 35 
19 3 10-9-65 S-400 4.6 0.5 800 24 35 
















(mm) /min <%) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
20 1 10-14-65 DM 3.5 3.7 1000 24 35 
20 2 10-14-65 G-150 3.5 3.7 1000 24 35 
20 3 10-14-65 G-300 3.5 3.7 1000 24 35 
21 1 10-14-65 DM 3.5 2.2 1000 24 35 
21 2 10-14-65 G-150 3.5 2.2 1000 24 35 
21 3 10-14-65 G-300 3.5 2.2 1000 24 35 
22 1 10-15-65 DM 1.2 0.5 800 24 35 
22 2 10-15-65 G-150 1.2 0.5 800 24 35 
22 3 10-15-65 G-300 1.2 0.5 800 24 35 
23 1 10-15-65 DM 1.2 1.2 1000 24 35 
23 2 10-15-65 G-150 1.2 1.2 1000 24 35 
23 3 10-15-65 G-300 1.2 1.2 1000 24 35 
24 1 10-19-65 G-150 0.25 2.2 1000 24 35 
24 2 10-19-65 G-150 0.50 2.2 1000 24 35 
24 3 10-19-65 G-150 1.3 2.2 1000 24 35 
24 4 10-19-65 G-150 2.5 2.2 1000 24 35 
25 1 10-20-65 G-150 0.12 1.1 1000 23 37 
25 2 10-20-65 G-150 0.24 1.1 1000 23 37 
25 3 10-20-65 G-150 0.60 1.1 1000 23 37 
25 4 10-20-65 G-150 1.2 1.1 1000 23 37 
26 1 10-21-65 G-150 0.15 0.9 1000 24 35 
26 2 10-21-65 G-150 0.30 0.9 1000 24 35 
26 3 10-21-65 G-150 0.75 0.9 1000 24 35 
26 4 10-21-65 G-150 1.5 0.9 1000 24 35 
27 1 10-21-65 G-150 0.53 0.5 800 24 35 
27 2 10-21-65 G-150 1.1 0.5 800 24 35 
27 3 10-21-65 G-150 2.7 0.5 800 24 35 
27 4 10-21-65 G-150 5.3 0.5 800 24 35 
28 1 11-16-65 G-50 5.4 0.9 1000 23 34 
28 2 11-16-65 G-75 5.4 0.9 1000 23 34 
28 3 11-16-65 G-100 5.4 0.9 1000 23 34 
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(mm) /min (%) 
IlL. ..(2) , (3) (4) (5) (6) (7) (8) (9) 
29 1 11-16-65 G-50 3.7 1.1 1000 23 34 
29 2 11-16-65 G-100 3.7 1.1 1000 23 34 
29 3 11-16-65 G-150 3.7 1.1 1000 23 34 
29 4 11-16-65 G-200 3.7 1.1 1000 23 34 
29 5 11-16-65 G-250 3.7 1.1 1000 23 34 
30 1 11-16-65 G-100 2.6 1.7 1000 23 34 
30 2 11-16-65 G-150 2.6 1.7 1000 23 34 
30 3 11-16-65 G-200 2.6 1.7 1000 23 34 
31 1 11-16-65 G-100 2.6 3.7 1000 23 34 
31 2 11-16-65 G-150 2.6 3.7 1000 23 34 
31 3 11-16-65 G-200 2.6 3.7 1000 23 34 
32 1 11-16-65 G-100 2.6 0.5 800 23 34 
32 2 11-16-65 G-150 2.6 0.5 800 23 34 
32 3 11-16-65 G-200 2.6 0.5 800 23 34 
33 1 11-16-65 G-100 2.6 0.9 1000 23 30 
33 2 11-16-65 G-150 2.6 0.9 1000 23 30 
33 3 11-16-65 G-200 2.6 0.9 1000 23 30 
34 1 11-16-65 G-100 2.6 1.1 1000 23 30 
34 2 11-16-65 G-150 2.6 1.1 1150 23 30 
34 3 11-16-65 G-200 2.6 1,1 1300 23 30 
35 1 11-23-65 G-100 0.15 0.5 800 23 30 
35 2 11-23-65 G-100 0.45 0.5 800 23 30 
35 3 11-23-65 G-100 0.6 0.5 800 23 30 
35 4 11-23-65 G-100 0.9 0.5 800 23 30 
35 5 11-23-65 G-100 1.1 0.5 800 23 30 
35 6 11-23-65 G-100 1.5 0.5 800 23 30 
36 1 11-23-65 G-100 0.08 0.9 900 23 34 
36 2 11-23-65 G-100 0,15 0.9 900 23 34 
36 3 11-23-65 G-100 0.3 0.9 900 23 34 
36 4 11-23-65 G-100 0.45 0.9 900 23 34 
36 5 11-23-65 G-100 0.6 0.9 900 23 34 
36 6 11-23-65 G-100 1.1 0.9 900 23 34 
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(mm) /min (%) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
37 1 11-24-65 G-100 0.08 1.1 940 23 30 
37 2 11-24-65 G-100 0.16 1.1 940 23 30 
37 3 11-24-65 G-100 0.32 1.1 940 23 30 
37 4 11-24-65 G-100 0.64 1.1 940 23 30 
37 5 11-24-65 G-100 0.96 1.1 940 23 30 
37 6 11-24-65 G-100 1.9 1.1 940 23 30 
38 1 11-24-65 G-100 0.08 2.2 1000 23 30 
38 2 11-24-65 G-100 0.16 2.2 1000 23 30 
38 3 11-24-65 G-100 0.32 2.2 1000 23 30 
38 4 11-24-65 G-100 0.64 2.2 1000 23 30 
38 5 11-24-65 G-100 0.96 2.2 1000 23 30 
38 6 11-24-65 G-100 1.9 2.2 1000 23 30 
39 1 11-25-65 DM 3.5 0.5 780 22 26 
39 2 11-25-65 DA-50 3.5 0.5 640 22 26 
39 3 11-25-65 A-50 3.5 0.5 980 22 26 
40 1 11-25-65 DM 3.5 0.9 950 22 26 
40 2 11-25-65 DA-50 3.5 0.9 1100 22 26 
40 3 11-25-65 A-50 3.5 0.9 1450 22 26 
41 1 11-25-65 DM 3.5 1.7 1000 22 26 
41 2 11-25-65 DA-50 3.5 1.7 1000 22 26 
41 3 11-25-65 A-50 3.5 1.7 1000 22 26 
42 1 11-25-65 DM 3.5 3.7 1000 22 26 
42 2 11-25-65 DA-50 3.5 3.7 1000 22 26 
42 3 11-25-65 A-50 3,5 3.7 1000 22 26 
47 1 12-4-65 G-50 3.0 0.9 900 23 27 
47 2 12-4-65 G-100 3.0 0.9 900 23 27 
47 3 12-4-65 G-150 3.0 0.9 900 23 27 
48 1 12-5-65 G-50 3.0 1.7 1000 23 27 
48 2 12-5-65 G-100 3.0 1.7 1000 23 27 
49 1 12-4-65 G-50 3.0 0.5 800 23 27 
49 2 12-4-65 G-100 3.0 0.5 800 23 27 
49 3 12-4-65 G-150 3.0 0.5 800 23 27 
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(mm) /min (%) 
.01 (2) (3) w (5) (6) (7) (8) (9) 
59 1 12-7-65 G-150 0.2 1.1 1000 23 20 
59 2 12-7-65 G-150 0.3 1.1 1000 23 30 
59 3 12-7-65 G-150 0.41 1.1 1000 23 30 
59 4 12-7-65 G-150 0.61 1.1 1000 23 30 
59 5 12-7-65 G-150 0.82 1.1 1000 23 30 
59 6 12-7-65 G-150 1.2 1.1 1000 23 30 
60 1 12-7-65 G-150 0.05 2.2 1000 23 30 
60 2 12-7-65 G-150 o. i 2.2 1000 23 30 
60 3 12-7-65 G-150 0.15 2.2 1000 23 30 
60 4 12-7-65 G-150 0.2 2.2 1000 23 30 
60 5 12-7-65 G-150 0.41 2.2 1000 23 30 
60 6 12-7-65 G-150 0.82 2.2 1000 23 30 
61 2 1-26-66 DM 3.7 0.8 1000 23 30 
61 3 1-26-66 P-400 3.7 0.8 1000 23 30 
61 4 1-26-66 P-200 3.7 0.8 1000 23 30 
62 1 1-26-66 DM 3.7 2.2 1000 23 30 
62 3 1-26-66 P-200 3.7 2.2 1000 23 30 
62 4 1-26-66 P-400 3.7 2.2 1000 23 30 
63 1 1-26-66 DM 3.7 1.1 1000 23 30 
63 3 1-26-66 P-200 3.7 1.1 1000 23 30 
63 4 1-26-66 P-400 3.7 1.1 1000 23 30 
64 1 1-26-66 DM 3.7 0.5 800 23 30 
64 3 1-26-66 P-200 3.7 0.5 1000 23 30 
64 4 1-26-66 P-400 3.7 0.5 900 23 30 
65 1 1-30-66 DM 3.7 0.6 1000 23 30 
65 2 1-30-66 PH-400 3.7 0.6 1000 23 30 
66 1 1-30-66 DM 3.7 1.1 1000 23 24 
66 2 1-30-66 PH-400 3.7 1.1 1000 23 24 
67 1 1-30-66 DM 3.7 2.2 1000 23 24 
67 2 1-30-66 PH-400 3.7 2.2 1000 23 24 
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(mm) /min (%) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
68 1 2-3-66 PH-400 3.3 0.9 1000 23 28 
68 2 2-3-66 DM 3.3 0.9 1000 23 28 
69 1 1-31-66 P-400 0.08 1.1 1000 23 30 
69 2 1-31-66 P-400 0.17 1.1 1000 23 30 
69 3 1-31-66 P-400 0.33 1.1 1000 23 30 
69 4 1-31-66 P-400 0.66 1.1 1000 23 30 
69 5 1-31-66 P-400 0.99 1.1 1000 23 30 
69 6 1-31-66 P-400 2.0 1.1 1000 23 30 
70 1 1-31-66 P-400 0.08 2.2 1000 23 30 
70 2 1-31-66 P-400 0.17 2.2 1000 23 30 
70 3 1-31-66 P-400 0.33 2.2 1000 23 30 
70 4 1-31-66 P-400 1.66 2.2 1000 23 30 
70 5 1-31-66 P-400 0.99 2.2 1000 23 30 
70 6 1-31-66 P-400 2.0 2.2 1000 23 30 
71 1 2-3-66 P-400 0.17 0.5 800 23 28 
71 2 2-3-66 P-400 0.33 0.5 800 23 28 
71 3 2-3-66 P-400 0.66 0.5 800 23 28 
71 4 2-3-66 P-400 0.99 0.5 800 23 28 
71 5 2-3-66 P-400 2.0 0.5 800 23 28 
71 6 2-3-66 P-400 3.3 0.5 800 23 28 
72 1 2-3-66 P-400 0.17 0.9 1000 23 28 
72 2 2-3-66 P-400 0.33 0.9 1000 23 28 
72 3 2-3-66 P-400 0.66 0.9 1000 23 28 
72 4 2-3-66 P-400 0.99 0.9 1000 23 28 
72 5 2-3-66 P-400 2.0 0.9 1000 23 28 
72 6 2-3-66 P-400 3.3 0.9 1000 23 28 
74 1 2-4-66 A-25 3.3 0.9 1000 23 28 
74 2 2-4-66 DA-25 3.3 0.9 1000 23 28 
74 3 2-4-66 DM 3.3 0.9 1000 23 28 
75 1 2-4-66 DM 3.3 1.7 1000 23 28 
75 2 2-4-66 DA-25 3.3 1.7 1000 23 28 
75 3 2-4-66 A-25 3.3 1.7 1000 23 28 
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(mm) /min (%) 
(1) (2) (3) ...<«_.. (!)___. (6) (7) (8) (9) 
76 1 2-4-66 DM 3,3 3.7 1000 23 28 
76 2 2-4-66 DA-25 3.3 3.7 1000 23 28 
76 3 2-4-66 A-25 3.3 3.7 1000 23 28 
0.2 0.9 1000 23 34 
0.4 0.9 1000 23 34 
0.6 0.9 1000 23 34 
0.8 0.9 1000 23 34 
1.2 0.9 1000 23 34 
1.8 0.9 1000 23 34 
77 1 2-5-66 DM 
77 2 2-5-66 DM 
77 3 2-5-66 DM 
77 4 2-5-66 DM 
77 5 2-5-66 DM 
77 6 2.5-66 DM 
0.4 0,5 800 23 34 
0.8 0.5 800 23 34 
1.2 0.5 800 23 34 
1.8 0.5 800 23 34 
2.7 0.5 800 23 34 
3.6 0.5 800 23 34 
78 1 2-5-66 DM 
78 2 2-5-66 DM 
78 3 2-5-66 DM 
78 4 2-5-66 DM 
78 5 2-5-66 DM 
78 6 2-5-66 DM 
79 1 2-5-66 S-400 0.2 0.9 1000 23 34 
79 2 2-5-66 S-400 0.4 0.9 1000 23 34 
79 3 2-5-66 S-400 0.6 0.9 1000 23 34 
79 4 2-5-66 S-400 0.8 0.9 1000 23 34 
79 5 2-5-66 S-400 1.2 0.9 1000 23 34 
79 6 2-5-66 S-400 1.8 0.9 1000 23 34 
80 1 2-5-66 S-400 0.4 0.5 800 23 34 
80 2 2-5-66 S-400 0.8 0.5 800 23 34 
80 3 2-5-66 S-400 1.2 0.5 800 23 34 
80 4 2-5-66 S-400 1.8 0.5 800 23 34 
80 5 2-5-66 S-400 2.7 0.5 800 23 34 
80 6 2-5-66 S-400 3.6 0.5 800 23 34 
81 1 2-6-66 S-400 0.05 2.2 1000 23 30 
81 2 2-6-66 S-400 0.1 2.2 1000 23 30 
81 3 2-6-66 S-400 0.2 2.2 1000 23 30 
81 4 2-6-66 S-400 0.4 2.2 1000 23 30 
81 5 2-6-66 S-400 0.6 2.2 1000 23 30 
81 6 2-6-66 S-400 0.8 2.2 1000 23 30 
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(mm) /min (%) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
87 5 2-7-66 A-50 1.2 0.9 1000 23 30 
87 6 2-7-66 A-50 1.8 0.9 1000 23 30 
0.05 2.2 1000 23 30 
0.1 2.2 1000 23 30 
0.2 2.2 1000 23 30 
0.4 2.2 1000 23 30 
0.6 2.2 1000 23 30 
0.8 2.2 1000 23 30 
88 1 2-7-66 A-50 
88 2 2-7-66 A-50 
88 3 2-7-66 A-50 
88 4 2-7-66 A-50 
88 5 2-7-66 A-50 
88 6 2-7-66 A-50 
89 1 2-8-66 PH-400 0.4 0.5 800 23 30 
89 2 2-8-66 PH-400 0.8 0.5 800 23 30 
89 3 2-8-66 PH-400 1.2 0.5 800 23 30 
89 4 2-8-66 PH-400 1.8 0.5 800 23 30 
89 5 2-8-66 PH-400 2.7 0.5 800 23 30 
89 6 2-8-66 PH-400 3.6 0.5 800 23 30 
90 1 2-8-66 PH-400 0.05 2.2 1000 23 30 
90 2 2-8-66 PH-400 0.1 2.2 1000 23 30 
90 3 2-8-66 PH-400 0.2 2.2 1000 23 30 
90 4 2-8-66 PH-400 0.4 2.2 1000 23 30 
90 5 2-8-66 PH-400 0.6 2.2 1000 23 30 
90 6 2-8-66 PH-400 0.8 2.2 1000 23 30 
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APPENDIX B 
EXPERIMENTAL SAMPLE DATA 
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Table 10. Experimental Sample Data 
Exp. Run Sample Corrected no. of colonies per And ersen Stage 
no. no. time 
(min) 6 5 4 3 2 1 1-6 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
10 1 50 4 329 378 202 118 123 1154 
10 2 25 6 90 133 120 68 67 484 
10 3 50 2 217 375 338 201 66 1199 
10 4 50 4 50 165 426 200 104 949 
11 1 15 22 250 231 195 85 64 847 
11 2 10 10 191 160 82 70 71 584 
11 3 25 15 444 424 363 232 122 1600 
11 4 10 6 118 102 80 92 64 462 
12 1 10 8 156 108 73 47 65 457 
12 2 10 11 111 125 74 46 46 413 
12 3 25 4 523 633 633 296 195 2284 
12 4 25 3 167 294 487 373 324 1648 
13 1 10 22 165 107 120 72 64 550 
13 2 10 13 153 129 86 49 60 490 
13 3 25 4 424 495 619 257 174 1973 
13 4 25 10 150 145 210 195 305 1015 
15 1 25 15 153 215 133 59 26 601 
15 2 20 43 341 270 144 80 75 953 
15 3 15 38 313 162 120 67 67 767 
15 4 10 13 171 101 90 38 47 460 
16 1 15 54 156 120 102 24 42 498 
16 2 15 72 270 225 84 96 78 825 
16 3 15 144 468 288 156 24 120 1200 
17 1 15 9 54 59 59 66 115 362 
17 2 15 60 216 150 66 84 114 690 
17 3 15 66 108 225 183 48 42 672 
18 1 25 14 83 99 119 55 99 469 
18 2 25 8 178 137 206 160 143 832 
18 3 25 14 42 101 158 171 264 750 
19 1 25 2 48 103 125 83 60 421 
19 2 25 13 48 156 93 84 83 477 
19 3 25 6 31 43 64 56 124 324 
I l l 
Table 10. Experimental Sample Data (Continued) 
Exp. Run Sample Corrected no. of colonies per And ersen Stage 
no. no. time 
(min) 6 5 4 3 2 1 1-6 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
20 1 25 10 167 152 136 61 31 557 
20 2 10 0 6 37 154 216 295 708 
20 3 25 5 55 60 20 35 165 340 
21 1 50 4 338 314 362 153 52 1223 
21 2 100 0 25 137 774 2273 3041 6250 
21 3 50 6 180 246 67 131 623 1253 
22 1 20 12 83 99 57 16 21 288 
22 2 20 1 72 161 415 437 605 1691 
22 3 20 13 4 13 13 0 8 51 
23 1 25 10 170 310 245 55 35 825 
23 2 25 9 131 70 80 270 355 915 
23 3 25 0 10 15 0 20 5 50 
24 1 50 2 182 403 1039 1093 1512 4231 
24 2 50 7 286 661 876 1543 1928 5301 
24 3 25 5 127 172 246 587 1101 2238 
24 4 10 2 50 46 54 136 353 641 
25 1 50 3 36 49 46 303 828 1265 
25 2 50 5 143 115 275 1182 1281 3001 
25 3 25 2 109 104 127 730 1114 2186 
25 4 25 1 72 90 89 295 360 1407 
26 1 25 2 4 1 14 125 143 289 
26 2 25 1 5 6 26 306 249 593 
26 3 25 2 34 13 73 586 610 1318 
26 4 25 5 121 40 60 475 783 1484 
27 1 25 2 7 7 90 582 163 851 
27 2 20 0 4 6 354 779 165 1308 
27 3 25 0 12 21 582 1467 231 2313 
27 4 15 4 28 18 225 888 295 1458 
28 1 10 7 94 43 48 81 306 579 
28 2 10 6 54 54 34 68 322 538 
28 3 10 12 52 80 32 64 356 596 
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Table 10. Experimental Sample Data (Continued) 
Exp. Run Sample Corrected no. of colonies per And Brsen Stage 
no. no. time 
(min) 6 5 4 3 2 1 1-6 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
29 1 25 36 89 72 80 163 552 992 
29 2 50 12 153 268 304 836 2245 3818 
29 3 25 16 120 36 24 152 772 1120 
29 4 50 4 92 112 135 732 1424 2499 
29 5 25 12 8 24 12 196 800 1052 
30 1 10 5 82 62 51 80 246 526 
30 2 10 12 144 75 50 121 312 714 
30 3 10 18 110 48 14 10 140 340 
31 1 10 10 26 55 84 100 135 410 
31 2 10 32 20 80 104 104 256 596 
31 3 10 16 32 33 47 40 100 268 
32 1 20 3 28 15 154 588 255 1043 
32 2 20 9 7 6 165 624 596 1407 
32 3 20 8 5 5 278 695 943 1934 
33 1 15 8 76 34 88 132 340 678 
33 2 10 8 64 20 34 168 288 582 
33 3 10 12 44 8 28 72 191 355 
34 1 10 2 87 85 70 62 310 616 
34 2 10 8 72 58 42 172 296 648 
34 3 10 5 36 20 13 93 242 409 
35 1 40 0 0 0 90 274 104 468 
35 2 40 8 6 2 10 16 26 68 
35 3 40 6 12 0 4 16 18 56 
35 4 40 8 4 6 2 54 46 120 
35 5 40 10 24 17 44 92 51 238 
35 6 40 6 18 4 33 118 112 291 
36 1 40 2 4 14 82 170 86 358 
36 2 40 16 24 50 142 262 166 660 
36 3 40 12 18 34 266 544 146 1020 
36 4 40 6 58 86 270 548 166 1134 
36 5 40 8 66 90 296 544 220 1224 
36 6 40 4 98 106 350 530 278 1366 
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Table 10. Experimental Sample Data (Continued) 
Exp. Run Sample Corrected no. of colonies per And =rsen Stage 
no. no. time 
(min) 6 5 4 3 2 1 1-6 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
50 1 15 12 52 81 180 268 209 802 
50 2 15 0 32 44 252 431 272 1031 
50 3 15 12 40 4 108 412 228 804 
51 1 5 11 44 40 148 57 104 404 
51 2 20 8 104 192 496 236 880 1926 
51 3 5 4 36 28 73 171 160 472 
52 1 20 3 37 198 291 117 90 736 
52 2 20 8 32 66 344 194 201 845 
53 1 20 16 112 221 153 47 16 565 
53 2 20 112 244 124 212 76 52 820 
53 3 20 12 348 416 416 84 13 1289 
54 1 20 4 85 213 188 29 3 522 
54 2 20 16 76 108 149 123 112 584 
54 3 20 12 315 329 228 60 9 953 
55 1 20 1 122 229 112 24 5 493 
55 2 20 5 3 10 5 79 320 422 
55 3 20 2 20 65 170 81 22 360 
56 1 20 11 65 102 58 15 20 291 
56 2 20 1 33 59 97 74 65 329 
56 3 20 3 21 49 130 100 70 373 
57 1 20 1 0 4 221 669 110 1005 
57 2 20 0 0 5 373 900 151 1429 
57 3 20 1 7 9 415 1083 167 1682 
57 4 20 1 7 14 501 1144 185 1852 
57 5 20 0 10 19 477 1243 181 1930 
57 6 20 4 11 28 563 1190 205 2001 
58 1 20 1 4 8 34 287 310 644 
58 2 20 1 7 13 35 417 410 883 
58 3 20 0 9 15 71 443 510 1048 
58 4 20 3 21 16 92 450 491 1073 
58 5 20 4 59 21 110 433 533 1160 
58 6 20 6 65 31 107 460 497 1166 
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Table 10. Experimental Sample Data (Continued) 
Exp. Run Sample Corrected no. of colonies per Ander sen Stage 
no. no. time 
(min) 6 5 4 3 2 1 1-6 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
59 1 20 1 21 19 61 215 585 902 
59 2 20 0 27 31 72 465 743 1338 
59 3 20 1 39 40 83 511 859 1533 
59 4 20 3 51 51 90 525 909 1629 
59 5 20 5 79 81 110 570 900 1745 
59 6 20 5 92 89 122 537 981 1826 
60 1 20 1 5 8 52 120 228 414 
60 2 20 2 12 18 110 211 420 773 
60 3 20 0 20 23 133 321 642 1139 
60 4 20 5 27 32 165 433 742 1404 
60 5 20 7 51 72 186 425 815 1556 
60 6 20 9 111 121 197 456 867 1761 
61 2 15 
61 3 15 0 187 587 491 209 61 1535 
61 4 15 7 104 416 509 256 99 1391 
62 1 15 18 78 114 90 12 36 348 
62 3 15 5 128 471 521 212 276 1613 
62 4 15 0 59 478 690 339 373 1939 
63 1 10 0 26 80 104 39 36 285 
63 3 10 0 12 97 444 194 107 854 
63 4 10 0 11 100 447 375 265 1198 
64 1 10 4 28 44 26 10 8 120 
64 3 10 10 50 140 220 100 20 540 
64 4 10 2 8 62 232 114 16 434 
65 1 20 12 81 103 56 16 20 288 
65 2 20 6 67 55 62 34 52 276 
66 1 20 2 64 160 119 23 16 384 
66 2 20 9 200 241 257 138 70 915 
67 1 20 4 47 114 142 45 29 381 
67 2 20 5 181 317 289 118 60 970 
68 1 20 0 64 464 224 48 47 847 
68 2 20 0 156 224 70 44 16 510 
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Table 10. Experimental Sample Data (Continued) 
Exp. Run Sample Corrected no. of colonies per Ander sen Stage 
no. no. time 
(min) 6 5 4 3 2 1 1-6 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
77 1 20 1 20 34 47 37 38 177 
77 2 20 3 42 67 105 70 69 356 
77 3 20 5 65 101 157 107 85 520 
77 4 20 7 80 117 195 95 73 567 
77 5 20 9 101 115 242 123 92 682 
77 6 20 14 149 184 250 127 81 805 
78 1 20 0 8 24 32 23 19 106 
78 2 20 0 17 49 66 55 38 225 
78 3 20 2 28 78 100 64 47 319 
78 4 20 1 27 95 121 74 45 363 
78 5 20 3 29 110 130 79 60 411 
78 6 20 4 40 120 127 76 51 418 
79 1 20 1 7 18 28 31 44 129 
79 2 20 3 15 40 44 59 87 248 
79 3 20 5 18 51 72 90 134 370 
79 4 20 6 21 50 85 100 141 383 
79 5 20 8 28 69 84 115 201 505 
79 6 20 12 32 80 128 136 216 604 
80 1 20 1 3 9 12 12 24 61 
80 2 20 0 7 17 27 25 52 128 
80 3 20 3 13 19 48 34 81 198 
80 4 20 5 21 27 61 40 101 255 
80 5 20 4 24 33 52 45 103 261 
80 6 20 5 31 58 75 49 123 341 
81 1 20 0 36 84 135 99 111 465 
81 2 20 0 78 165 334 181 140 898 
81 3 20 1 156 288 478 190 138 1251 
81 4 20 3 201 311 477 195 141 1328 
81 5 20 3 303 375 487 199 152 1519 
81 6 20 5 345 396 494 207 140 1587 
82 1 20 0 23 25 38 19 39 144 
82 2 20 2 47 51 59 23 38 220 
82 3 20 7 121 159 95 30 51 463 
82 4 20 13 153 171 100 29 55 521 
82 5 20 23 202 160 99 32 61 577 
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Corrected no. of colonies per Andersen Stage 
6 5 4 3 2 1 1-6 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
89 1 20 1 13 13 14 14 21 76 
89 2 20 1 20 25 35 28 43 153 
89 3 20 2 13 49 60 27 50 201 
89 4 20 1 48 53 58 31 52 243 
89 5 20 4 48 53 59 30 49 243 
89 6 20 6 68 55 63 34 52 278 
90 1 20 1 49 75 154 75 52 406 
90 2 20 1 94 157 191 85 59 587 
90 3 20 3 121 124 235 88 61 632 
90 4 20 5 178 217 269 98 60 827 
90 5 20 7 189 262 275 110 62 905 
90 6 20 6 185 318 290 117 66 982 
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APPENDIX C 
SUMMARY OF DATA COMPUTATIONS 
Table 11. Summary of Data Computations 
121 
Exp. Run T e s t Bubble Spore Mean Geom. P a r t i c l e s 
n o . n o . l i q . d i a . c o n e . p a r t i c l e s t d . p e r 1000 
X10~ 7 /ml 
d i a . d e v . b u b b l e s 
( y ) 
o7~ (2) (3) (4) (5) (6) (7) (8) 
10 1 DM 5.7 7 . 1 3 .3 2 .27 115 
10 2 DM 3.7 7 . 1 4 .2 2 .10 97 
10 3 DM 2 .2 7 . 1 3 .8 1.85 120 
10 4 DM 1.1 7 . 1 5 . 1 1.66 95 
11 1 S-100 5 .7 7 . 1 3 .2 2 a 6 282 
11 2 S-100 3 .7 7 . 1 3 .2 2 .56 292 
11 3 S-100 2 .2 7 .1 3 .5 2 . 0 8 320 
11 4 S-100 1.1 7 . 1 4 . 0 2 .42 231 
12 1 S-1600 5 .7 7 . 1 3 .1 2 .84 229 
12 2 S-1600 3.7 7 .1 3 .4 2 .32 207 
12 3 S-1600 2 .2 7 . 1 3 .7 2 .00 457 
12 4 S-1600 1.1 7 . 1 5 .5 2 .00 329 
13 1 S-400 5 .7 7 . 1 3 .5 2 .40 275 
13 2 S-400 3.7 7 a 3 .3 2 .48 245 
13 3 S-400 2 .2 7 a 3.9 1.92 395 
13 4 S-400 1.1 7 . 1 6 .2 2 . 5 8 203 
15 1 DM 3 .7 5 .2 3 .2 1.88 120 
15 2 S-100 3 .7 5.2 2 . 8 2 .36 238 
15 3 S-400 3 .7 5 .4 2 .6 2 .65 256 
15 4 S-1600 3 .7 5 .4 2 .9 2 . 5 5 230 
16 1 DM 2 ,2 7 .8 2 .6 2 .42 166 
16 2 S-100 2 .2 7 .8 2 . 8 2 .47 275 
16 3 S-400 2 .2 7 .8 2 .4 2 .46 400 
17 1 DM 1.2 7 .8 6 . 1 2 .56 121 
17 2 S-100 1.2 7 .8 3 .2 2 ,87 230 
17 3 S-400 1.2 7 .8 3 .0 2 .17 224 
18 1 DM 0 . 8 4 . 6 4 . 7 2 .34 93 
18 2 S-100 0 . 8 4<6 4 .6 2 . 2 8 166 
18 3 S-400 0 . 8 4 . 6 7.4 2 a i 150 
19 1 DM 0 . 5 4 . 6 4 . 8 1.90 105 
19 2 S-100 0 . 5 4 . 6 4 . 6 2 .24 119 
19 3 S-400 0 . 5 4 . 6 7 .2 2 .75 81 
Table 11. Summary of Data Computations (Continued) 
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Exp. Run Test Bubble Spore Mean Geom. Particles 
no. no. liq. dia. cone. particle std. per 1000 
X10"7/ml 
dia, dev. bubbles 
(v) 
(1) (2) (3) (4) (5) (6) (7) (8) 
20 1 DM 3.7 3.5 3.3 1.91 111 
20 2 G-150 3.7 3.5 8.7 1.77 354 
20 3 G-300 3.7 3.5 7.5 2.94 68 
21 1 DM 2.2 3.5 3.3 1.91 122 
21 2 G-150 2.2 3.5 10.4 1.73 313 
21 3 G-300 2.2 3.5 8.9 4.33 125 
22 1 DM 0.5 1.2 2.9 1.96 90 
22 2 G-150 0.5 1.2 7.7 2.00 529 
22 3 G-300 0.5 1.2 3.1 16 
23 1 DM 1.2 1.2 3.4 1.76 165 
23 2 G-150 1.2 1.2 8.2 1.81 183 
23 3 G-300 1.2 1.2 4.4 12.16 10 
24 1 G-150 2.2 0.2 7.7 2.01 423 
24 2 G-150 2.2 0.50 8.0 2.14 530 
24 3 G-150 2.2 1.3 10.7 2.60 447 
24 4 G-150 2.2 2.5 13.0 3.27 321 
25 1 G-150 1.1 0.1 12.0 127 
25 2 G-150 1.1 0.24 9.1 300 
25 3 G-150 1.1 0.60 9.9 437 
25 4 G-150 1.1 1.2 12.0 281 
26 1 G-150 0.9 0.1 59.8 57 
26 2 G-150 0.9 0.30 9.3 119 
26 3 G-150 0.9 0.75 9.5 263 
26 4 G-150 0.9 1.5 10.1 297 
27 1 G-150 0.5 0.53 8.0 1.34 212 
27 2 G-150 0.5 1.1 7.3 1.27 410 
27 3 G-150 0.5 2.7 7.1 1.31 580 
27 4 G-150 0.5 5.3 7.8 1.37 608 
28 1 G-50 0.9 5.4 12.2 5.55 290 
28 2 G-75 0.9 5.4 15.1 4.53 269 
28 3 G-100 0.9 5.4 14.0 4.29 298 
Table 11. Summary of Data Computations (Continued) 
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Exp. Run Test Bubble Spore Mean Geom. Particles 
no. no. liq. dia. cone. particle std. per 1000 
X10"7/ml 
dia. dev. bubbles 
(v) 
(1) (2) (3) (4) (5) (6) (7) (8) 
29 1 G-50 1.1 3.7 2.9 4.55 198 
29 2 G-100 1.1 3.7 10.8 5.45 382 
29 3 G-150 1.1 3.7 12.9 2.63 224 
29 4 G-200 1.1 3.7 13.5 2.54 250 
29 5 G-250 1.1 3.7 20.5 4.55 210 
30 1 G-100 1.7 2.6 7.8 2.75 263 
30 2 G-150 1.7 2.6 7.4 3.00 357 
30 3 G-200 1.7 2.6 5.1 3.68 170 
31 1 G-100 3.7 2.6 7.3 2.67 205 
31 2 G-150 3.7 2.6 9.2 3.59 298 
31 3 G-200 3.7 2.6 6.8 3.50 134 
32 1 G-100 0.5 2.6 8.1 1.38 326 
32 2 G-150 0.5 2.6 9.2 1.39 410 
32 3 G-200 0.5 2.6 9.7 1.53 605 
33 1 G-100 0.9 2.6 11.2 3.45 226 
33 2 G-150 0.9 2.6 13.2 3.63 291 
33 3 G-200 0.9 2.6 15.4 4.61 178 
34 1 G-100 1.1 2.6 9.3 4.09 308 
34 2 G-150 1.1 2.6 12.5 4.15 324 
34 3 G-200 1.1 2.6 18.0 4.38 205 
35 1 G-100 0.5 0.15 74 
35 2 G-100 0.5 0.45 11 
35 3 G-100 0.5 0.6 9 
35 4 G-100 0.5 0.9 19 
35 5 G-100 0.5 1.1 37 
35 6 G-100 0.5 1.5 45 
36 1 G-100 0.9 0.08 7.6 1.65 50 
36 2 G-100 0.9 0.15 7.0 1.62 92 
36 3 G-100 0.9 0.3 7.3 1.85 142 
36 4 G-100 0.9 0.45 6.3 1.76 158 
36 5 G-100 0.9 0.6 6.6 1.80 170 
36 6 G-100 0.9 1.1 6.5 1.92 190 
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Table 1 1 . Summary of Data Computations (Continued) 
Exp. Run Test Bubble Spore Mean Geom. Particles 
no. no. liq. dia. cone. particle std. per 1000 
X10"7/ml 
dia. dev. bubbles 
(P) 
(1) (2) (3) (A) (5) (6) (7) (8) 
37 1 G-100 1.1 0.08 7.2 1.45 42 
37 2 G-100 1.1 0.16 6.8 1.43 37 
37 3 G-100 1.1 0.32 6.5 1.52 34 
37 4 G-100 1.1 0.64 5.9 1.58 31 
37 5 G-100 1.1 0.96 9.5 1.59 21 
37 6 G-100 1.1 1.9 7.9 1.50 49 
38 1 G-100 2.2 0.08 6.4 1.41 161 
38 2 G-100 2.2 0.16 7.2 1.42 176 
38 3 G-100 2.2 0.32 6.9 1.70 143 
38 4 G-100 2.2 0.64 6.5 1.92 116 
38 5 G-100 2.2 0.96 7.4 1.85 115 
38 6 G-100 2.2 1.9 8.1 2.16 107 
39 1 DM 0.5 3.5 3.6 12.17 82 
39 2 DA-50 0.5 3.5 4.6 2.50 133 
39 3 A-50 0.5 3.5 4.9 3.06 53 
40 1 DM 0.9 3.5 4.5 1.91 93 
40 2 DA-50 0.9 3.5 17.5 4.23 128 
40 3 A-50 0.9 3,5 4.9 1.82 68 
41 1 DM 1.7 3.5 3.1 1.64 115 
41 2 DA-50 1.7 3.5 5.8 2.55 181 
41 3 A-50 1.7 3.5 3.2 1.94 182 
42 1 DM 3.7 3.5 3.6 1.80 135 
42 2 DA-50 3.7 3.5 4.3 1.86 228 
42 3 A-50 3.7 3.5 3.0 1.73 344 
47 1 G-50 0.9 3.0 5.8 1.59 339 
47 2 G-100 0.9 3.0 7.3 1.51 367 
47 3 G-150 0.9 3.0 7.8 1.54 341 
48 1 G-50 1.7 3.0 6.3 2,22 322 
48 2 G-100 1.7 3.0 7.2 2.25 385 
49 1 G-50 0.5 3.0 6.1 1.92 403 
49 2 G-100 0.5 3.0 7.0 2.13 480 
49 3 G-150 0.5 3.0 7.7 1.98 421 
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Table 11. Summary of Data Computations (Continued) 
Exp. Run Test Bubble Spore Mean Geom. Particles 
no. no. liq. dia. cone. particle std. per 1000 
X10"7/ml 
dia. dev. bubbles 
(v) 
iii_ (2) (3) (A) (5) (6) (7) (8) 
50 1 G-50 
50 2 G-100 
50 3 G-150 
51 1 G-50 
51 2 G-100 
51 3 G-150 
52 1 G-50 
52 2 G-100 
53 1 DM 
53 2 DA-100 
53 3 A-100 
54 1 DM 
54 2 DA-100 
54 3 A-100 
55 1 DM 
55 2 DA-100 
55 3 A-100 
56 1 DM 
56 2 DA-100 
56 3 A-100 
57 1 G-150 
57 2 G-150 
57 3 G-150 
57 4 G-150 
57 5 G-150 
57 6 G-150 
58 1 G-150 
58 2 G-150 
58 3 G-150 
58 4 G-150 
58 5 G-150 



































































































































Table 11. Summary of Data Computations (Continued) 
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Exp. Run Test Bubble Spore Mean Geom. Particles 
no. no. liq. dia. cone. particle std. per 1000 
X10"7/ml 
dia. dev. bubbles 
(lO 
(1) (2) (3) (4) (5) (6) (7) (8) 
59 1 G-150 1.1 0.2 12.3 223 
59 2 G-150 1.1 0.3 10.6 335 
59 3 G-150 1.1 0.41 10.7 383 
59 4 G-150 1.1 0.61 10.6 407 
59 5 G-150 1.1 0.82 10.0 436 
59 6 G-150 1.1 1.2 10.5 457 
60 1 G-150 2.2 0.05 10.6 1.75 103 
60 2 G-150 2.2 0.1 10.5 1.79 193 
60 3 G-150 2.2 0.15 10.5 1.86 285 
60 4 G-150 2.2 0.2 10.1 1.86 351 
60 5 G-150 2.2 0.41 10.2 1.97 389 
60 6 G-150 2.2 0.82 9.6 2.14 440 
61 2 DM 0.8 3.7 2.5 2.16 95 
61 3 P-400 0.8 3.7 4.5 1.66 512 
61 4 P-200 0.8 3.7 3.9 1.66 464 
62 1 DM 2.2 3.7 3.2 2.19 116 
62 3 P-200 2.2 3.7 5.0 1.84 538 
62 4 P-400 2.2 3.7 5.7 1.70 646 
63 1 DM 1.1 3.7 4.7 1.79 143 
63 3 P-200 1.1 3.7 5.8 1.54 427 
63 4 P-400 1.1 3.7 6.8 1.59 599 
64 1 DM 0.5 3.7 3.2 2.03 75 
64 3 P-200 0.5 3.7 4.2 1.62 270 
64 4 P-400 0.5 3.7 5.1 1.48 241 
65 1 DM 0.6 3.7 3.0 2.03 72 
65 2 PH-400 0.6 3.7 4.3 2.28 69 
66 1 DM 1.1 3.7 3.9 1.87 96 
66 2 PH-400 1.1 3.7 3.5 1.77 229 
67 1 DM 2.2 3.7 4.0 1.85 95 
67 2 PH-400 2.2 3.7 3.8 1.79 243 
68 1 PH-400 0.9 3.3 3.8 1.66 212 
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Table 11. Summary of Data Computations (Continued) 
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Exp. Run Test Bubble Spore Mean Geom. Particles 
no. no. liq. dia. cone. particle std. per 1000 
X10"7/ml 
dia. dev. bubbles 
(u) 
TIT" (2) (3) (4) (5) (6) (7) (8) 
77 1 DM 0.9 0.2 5.5 2.14 44 
77 2 DM 0.9 0.4 5.2 2.06 89 
77 3 DM 0.9 0.6 4.9 2.04 130 
77 4 DM 0.9 0.8 4.6 1.87 142 
77 5 DM 0.9 1.2 4.6 1.96 171 
77 6 DM 0.9 1.8 4.1 1.95 201 
78 1 DM 0.5 0.4 5.4 1.89 21 
78 2 DM 0.5 0.8 5.4 1.89 70 
78 3 DM 0.5 1.2 5.0 1.84 100 
78 4 DM 0.5 1.8 5.0 1.72 114 
78 5 DM 0.5 2.7 5.0 1.82 129 
78 6 DM 0.5 3.6 4.6 1.85 131 
79 1 S-400 0.9 0.2 7.3 2.17 32 
79 2 S-400 0.9 0.4 7.3 2.35 62 
79 3 S-400 0.9 0.6 7.5 2.27 93 
79 4 S-400 0.9 0.8 8.0 2.30 96 
79 5 S-400 0.9 1.2 8.0 2.42 126 
79 6 S-400 0.9 1.8 7.4 2.32 151 
80 1 S-400 0.5 0.4 7.8 2.39 19 
80 2 S-400 0.5 0.8 8.0 2.25 40 
80 3 S-400 0.5 1.2 7.8 2.31 63 
80 4 S-400 0.5 1.8 7.5 2.48 80 
80 5 S-400 0.5 2.7 7.6 2.63 81 
80 6 S-400 0.5 3.6 6.7 2.50 106 
81 1 S-400 2.2 0.05 5.9 1.98 116 
81 2 S-400 2.2 0.1 5.3 1.82 225 
81 3 S-400 2.2 0.2 4.6 1.83 313 
81 4 S-400 2.2 0.4 4.4 1.86 332 
81 5 S-400 2.2 0.6 4.0 1.98 380 
81 6 S-400 2.2 0.8 3.8 1.95 397 
82 1 DM 2.2 0.05 5.3 2.42 36 
82 2 DM 2.2 0.1 4.1 2.32 55 
82 3 DM 2.2 0.2 3.2 2.31 113 
82 4 DM 2.2 0.4 3.0 2.33 130 
82 5 DM 2.2 0.6 2.7 2.55 144 
82 6 DM 2.2 0.8 2.6 2.50 149 
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Table 11. Summary of Data Computations (Continued) 
Exp. Run Test Bubble Spore Mean Geom. Particles 
no. no. liq. dia. cone. particle std. per 1000 
X10~7/ml 
dia. dev. bubbles 
(v) 
(1) (2) (3) (4) (5) (6) (7) (8) 
89 1 PH-400 0.5 0.4 5.5 2.82 24 
89 2 PH-400 0.5 0.8 5.9 2.41 48 
89 3 PH-400 0.5 1.2 5.5 2.04 63 
89 4 PH-400 0.5 1.8 4.6 2.46 76 
89 5 PH-400 0.5 2.7 4.4 2.43 76 
89 6 PH-400 0.5 3.6 4.2 2.45 88 
90 1 PH-400 2.2 0.05 4.8 1.87 102 
90 2 PH-400 2.2 0.1 4.2 1.90 147 
90 3 PH-400 2.2 0.2 4.1 1.88 183 
90 4 PH-400 2.2 0.4 3.7 1.95 207 
90 5 PH-400 2.2 0.6 3.6 1.92 226 
90 6 PH-400 2.2 0.8 3.6 1.92 246 
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APPENDIX D 
BACKGROUND SAMPLE DATA 
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Table 12. Background Sample Data (Continued) 
Before After Date Sampling Total Colonies p er Sample 
Exp. no. Exp. no. time per 
sample Dil. air Aeration Spores 




(1) (2) (3) w (5) (6) (7) 
64 1-26-66 10 1 
65 1-30-66 10 3 0 0 
67 1-30-66 10 0 
68 2-3-66 10 0 2 2 
68 2-3-66 10 1 
69 1-31-66 10 0 0 0 
70 1-31-66 10 0 
71 2-3-66 10 0 0 0 
72 2-3-66 10 0 
74 2-4-66 10 1 0 0 
76 2-4-66 10 0 
77 2-5-66 10 1 0 1 
80 2-5-66 10 1 
81 2-6-66 10 0 0 0 
84 2-6-66 10 1 
85 2-7-66 10 0 0 0 
88 2-7-66 10 0 
89 2-8-66 10 0 0 4 




Verification of Poisson Distribution 
All experimental sample data containing sufficient numbers of rep-
licates were tested for randomness by chi square (75) . A calculated chi 
square less than the critical chi square for a given degree of freedom and 
level of confidence indicates randomness at that level of confidence. 
The results presented in Table 13 below indicates randomness for the great 
majority of samples at the 95 per cent confidence limit (P=0.05). That 
is, any observed differences in replicate sample data occurred by chance 
alone, accepting an error of five per cent. The Poisson distribution is 
thus verified. 
2 — 2 — 
X = E (x-x) /x 
2 
Where: x = cni square 
x = sample count 
x = mean sample count 
Table 13. Chi Square Verification of Poisson Distribution 
Exp. Run No. of Average Degrees Chi Critical values 
no. no. Replicates corrected of square of chi square 
no. of freedom 
colonies 
per 
replicate P = 0.05 
(1) (2) (3) (4) (5) (6) (7) 
10 1 5 306 3 1.32 7 .82 
10 2 5 97 3 0 . 2 8 7.82 
10 3 5 540 3 1.24 7 .82 
10 4 5 190 3 1.19 7.82 
11 1 3 282 1 0 .90 3 .84 
11 3 5 320 3 3.09 7 .28 
12 3 5 439 3 10 .76 7.82 
12 4 5 330 3 5 . 5 1 7 .82 
13 3 5 395 3 3 .00 7.82 
13 4 5 203 3 1.65 7 .82 
15 1 5 120 3 2 . 2 1 7.82 
15 2 4 238 2 4 .10 5.99 
15 3 3 256 1 0 . 9 5 3 .84 
16 1 3 166 1 0 . 7 3 3 .84 
16 2 3 275 1 0 . 0 7 3 .84 
16 3 3 400 1 0 . 9 1 3 .84 
17 1 3 121 1 0 .60 3 .84 
17 2 3 230 1 1.57 3 .84 
17 3 3 224 1 2 .29 3 .84 
18 1 5 94 3 5.52 7 .82 
18 2 5 166 3 3.06 7 .82 
18 3 5 150 3 0 .76 7 .82 
19 1 5 84 3 1.63 7.82 
19 2 5 95 3 4 . 2 1 7 .82 
19 3 5 65 3 1.09 7 .82 
20 1 5 114 3 5.50 7 .82 
20 3 5 68 3 2 . 2 8 7 .82 
Table 13. Chi Square Verification of Poisson Distribution 
(Continued) 
Exp. Run No. of Average Degrees Chi Critical values 







square of chi square 
P = 0.05 
~oT~ (2) (3) (4) (5) (6) (7) 
21 1 5 245 3 1.73 7.82 
21 2 5 1250 3 1.05 7.82 
21 3 5 251 3 7.71 7.82 
23 1 5 165 3 0.30 7.82 
23 2 5 183 3 3.36 7.82 
24 1 5 846 3 3.70 7.82 
24 2 5 1060 3 8.13 7.82 
24 3 5 448 3 6.88 7.82 
25 1 5 253 3 7.28 7.82 
25 2 5 600 3 0.43 7.82 
25 3 5 437 3 3.23 7.82 
25 4 5 281 3 0.81 7.82 
26 1 5 58 3 1.19 7.82 
26 2 5 119 3 2.10 7.82 
26 3 5 264 3 2.80 7.82 
26 4 5 297 3 1.98 7.82 
27 1 5 170 3 1.49 7.82 
27 2 4 327 2 0.64 5.99 
27 3 5 463 3 1.44 7.82 
27 4 3 486 1 0.92 3.84 
29 1 5 198 3 1.85 7.82 
29 2 5 764 3 5.10 7.82 
29 3 5 224 3 0.33 7.82 
29 4 5 500 3 2.87 7.82 
29 5 5 210 3 0.81 7.82 
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Analysis of Variance 
Analysis of Variance was performed on data used to prepare Figures 
19, 20, and 21 in order to determine the significance of trends noted in 
the data and displayed in the Figures. The following symbols are utilized 
in presenting the analyses reported in the following three sections. 
DF = Degrees of Freedom 
F = Variance Ratio 
MS = mean square (Variance Estimate) 
N = total number of items 
N = number of items in a particular sample m r r 
2 2 
SS = sum of squares = Z x - T /N 
T = x, the grand total 
T = x , the total for a particular sample m m r 
x = any item 
Analysis of Variance: Ratio of Mean Bioparticle Size to 
Mean Size for 0.5 mm Bubbles versus Bubble Diameter 
(See Figure 19) 
Applicable Experiments: 10-11, 15-27, 30-34, 39-42, 47-72, 77-90. 
Table 14. Statistical Data: D /D vs. D, 
a a 0 . 5 b 
Du(mm) 0 . 5 0 . 9 1 .1 2 . 2 3 .7 5 .7 b  
N 35 30 22 35 19 3 
m 
E x 2 35 .0000 5 9 . 7 9 5 8 3 2 . 4 9 9 1 32 .0636 12 .7772 1.2062 
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Table 14. Statistical Data: D /D vs. D, (Continued) 
a a 0 . 5 b 
D, (mm) 0 . 5 0 . 9 1.1 2 . 2 3 .7 5.7 
D  
T 3 5 . 0 0 37 .62 2 5 . 8 3 3 2 . 0 0 14 .96 1 .88 
m 
T2 1225.0000 1415.2644 667.1889 1024.0000 223.8016 3.5344 
m 
T2/N 35.0000 47.1755 30.1755 29.2571 11.7790 1.1781 m m 





N = 144 
ET 
m = 
T = 147.29 
T2 = 21 , 6 9 4 . 3 4 4 1 
2 
T /N = 150 .6552 
E ( T 2 / N ) 
m m = 
154 .7165 
E x 2 = 173.3419 
Table 15. Analysis of Variance: D /D vs. D, 
a a 0 . 5 b 
S o u r c e SS DF MS 
Bubble S i z e (E T 2 /N ) - (T 2 /N) 
m m = 
16 .9259 5 3 .3852 
E r r o r ( ^x 2 ) - ( E T 2 / N ) m m = 
110 .5692 138 0 .8012 
T o t a l (EX2) - (T 2 /N) = 127 .4951 143 
The V a r i a n c e R a t i o , F = 3 . 3 8 5 2 / 0 . 8 0 1 2 = 4 . 2 2 5 . 
The critical values of F for 5 and 138 degrees of freedom are 2.21 
for P = 0.05 and 3.02 for P = 0.01. A value of F as large as 4.225 will 
occur by chance less frequently than one per cent of the time. Therefore, 
for a confidence limit of 99 per cent, the variation with bubble size of 
the ratio of mean bioparticle size to mean size for 0.5 mm bubbles is sig-
nificant. 
Analysis of Variance: Ratio of Bioparticle Production Rate to 
Production Rate for 0.5 mm Bubbles versus Bubble Diameter 
(See Figure 20) 
A p p l i c a b l e E x p e r i m e n t s : 1 0 - 1 1 , 1 5 - 2 7 , 3 0 - 3 4 , 3 9 - 4 2 , 4 7 - 7 2 , 7 7 - 9 0 . 
Tab le 1 6 . S t a t i s t i c a l D a t a : (No. B i o p a r t i c l e s / B u b b l e ) / 
(No. B i o p a r t i c l e s / 0 . 5 mm Bubble) v s . D 
0 . 5 0 . 9 1 .1 2 . 2 3 . 7 5 .7 
35 30 22 35 19 3 
35 .0000 5 9 . 7 9 5 8 3 2 . 4 9 9 1 32 .0636 12 .7772 1.2062 
35 .0 37 .62 3 5 . 8 3 3 2 . 0 0 14 .96 1 .88 
1225 .0000 1415.2644 667 .1889 1024 .0000 223 .8016 3 .5344 
35 .0000 4 7 . 1 7 5 5 3 0 . 3 2 6 8 2 9 . 2 5 7 1 11 .7790 1 .1781 
N o t e : x = (No. B i o p a r t i c l e s / B u b b l e ) / ( N o . B i o p a r t i c l e s / 0 . 5 mm Bubble) 
EN = N = 144 
m 













m ' m 
T2 = 2 1 , 6 9 4 . 3 4 4 1 
T2/N = 150.6552 
I (T 2/N ) = 154.7165 m m 
Ex2 = 173.3419 
Table 17. Analysis of Variance: (No. Biopar t i d e s /Bubble) / 
(No. B i o p a r t i c l e s / 0 . 5 mm Bubble) v s . D 
Source SS DF MS 
Bubble Size (E T 2/N ) - (T2/N) = 4.0613 5 0.8123 
m m 
Error (̂ x2) - ^ 2 / N ) = 18.6254 138 0.1350 
m m 
Total (Ex2) - (T2/N) = 22.6867 143 
The Variance Ratio, F = 0.8123/0.1350 = 6.017. 
The critical values of F for 5 and 138 degrees of freedom are 2.21 
for P = 0.05 and 3.02 for P = 0.01. A value of F as large as 6.017 will 
occur by chance less frequently than one per cent of the time. Therefore, 
for a confidence limit of 99 per cent, the observed variation with bubble 
size of the ratio of bioparticle production rate to production rate for 
0.5 mm bubbles is significant. 
Analysis of Variance: Ratio of Bioparticle Dispersion 
to Dispersion for 0.5 mm Bubbles versus Bubble Diameter 
(See Figure 21) 
Applicable Experiments: 10-11, 15-27, 30-34, 39-42, 47-72, 77-90. 
Table 18. S t a t i s t i c a l Data: o /o v s . DT 
8 g 0 .5 1 
D, (mm) 
D 
0 . 5 0 . 9 1 .1 2 . 2 3 .7 5 .7 
N 
m 
35 26 20 33 19 3 
Zx2 35 .0000 45 .1682 42 .3484 5 1 . 4 9 1 1 30 .5877 3 .7606 
T 
m 
35 .00 30 .52 25 .36 38 .77 2 2 . 0 1 3 .32 
T 2 
m 




35 .0000 35 .8258 32 .1565 45 .5489 25 .4968 3 .6741 
N o t e : x = o h 
* ^ 0 . 5 
EN 
m 
= N = 136 
E T 
m = 
T = 154 .98 
T2 = 24 , 0 1 8 . 8 0 0 4 
T2/N = 176 .6088 
E (T 2 /N ) 
m m = 
177 .7021 
Ex2 = 208 .3560 
Table 19. Analysis of Var iance: o /o v s . D 
g 8 0.5 
S o u r c e SS DF MS 
Bubble S i z e (ET 2 /N ) - (T 2 /N) 
m m -
1.0133 5 0 .2027 
E r r o r (Ex 2 ) - (ET 2 / N ) 
m m 
= 30 .6539 130 0 . 2 3 5 8 
T o t a l (Ex 2 ) - (T 2 /N) = 31 .6672 135 
The Variance Ratio, F = 0.2027/0.2358 = 0.860. 
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The critical value of F for 5 and 130 degrees of freedom is 2.21 for 
P = 0.05. A value of F as small as 0.860 will occur by chance more fre-
quently than five per cent of the time. Therefore, for a confidence limit 
of 95 per cent, the observed variation with bubble size of the ratio of 
bioparticle dispersion to dispersion for 0.5 mm bubbles represents a trend 
only. However, the bioparticle dispersion for 1.1 mm bubbles was observed 
to be significantly different from that for 0.5 mm bubbles at the 95 per 
cent confidence level as shown below. 




= N = 50 
E T 
m = 
T = 60 .36 
T2 = 3643.3296 
? 
T /N = 66 .2424 
2 
E (T /N ) 
m m = 
67 .1565 
I x 2 = 77.3484 
T a b l e 2 0 . A n a l y s i s of V a r i a n c e : o /a v s . Dn 
g 8 0 . 5 b 
f o r D, = 1.1 mm and 0 . 5 mm 
D 
S o u r c e SS DF MS 
Bubble S i z e (E T 2 / N ) - (T 2 /N) = 0 . 9 1 4 1 1 0 . 9 1 4 1 
m m 
Error (Ex2) - (E T 2/N ) = 10.1919 53 0.1923 
m m 
Total (Ex2) - (T2/N) = 11.1060 54 
The Variance Ratio, F = 0.9141/0.1923 = 4.754. 
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The critical value of F for 1 and 53 degrees of freedom is 4.02 for 
P = 0.05. A value of F as large as 4.754 will occur by chance less fre-
quently than one per cent of the time. Therefore, for a confidence limit 
of 95 per cent, the observed variation with bubble size of the ratio of 
bioparticle dispersion to dispersion for 0.5 mm bubbles is significant 
for 0.5 mm and 1.1 mm bubbles. 
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APPENDIX F 
MISCELLANEOUS DATA AND COMPUTATIONS 
Test Liquid Surface Tension and Viscosity 






























































































Spore concentration in aeration liquid was approximately 7 X 10 per ml 
Contained no spores (reference). 
**Capillary - four determinations each. ****0stwald - four determinations each. 
Table 22. Calculation of Initial Droplet Size Distribution 
Stage Mean Solids D^ C C Observed Calc. 







no. of no. of 
size(D J (2)X(3) biopart's biopart
 Ts 





(l) (2) "~ (3) (4) (5) (6) (7) (8) 
E-57-3: Test liquid spore cone. = 1.6 X 107/ml = C 
sp 
5 2.2 6.95 15.3 53,3 33.3 7 233 
4 3.8 6.95 26.4 10.4 6„5 9 59 
3 6.2 6.95 43.1 2.38 1.49 415 618 
2 9.8 6.95 68.1 0.60 1.00 1083 1083 
1 1.00 167 167 
E-26-2: Test liquid spore cone. = 3.0 X 106/ml = C 
sp 
5 2.2 6.95 15.3 53.3 178 5 890 
4 3.8 6.95 26.4 10.4 34.6 6 208 
3 6.2 6.95 43.1 2.38 7.93 26 206 
2 9.8 6.95 68.1 0.60 2.00 306 712 
1 1.00 249 249 
E-59-3: Test liquid spore cone. = 4.1 X 106/ml = C 
sp 
5 2.2 7.66 16.9 39.5 96.4 39 3750 
4 3.8 7.66 29.1 7.75 18.9 40 756 
3 6.2 7.66 47.5 1.78 4.35 83 361 
2 9.8 7.66 75.0 0.45 1.10 511 563 
1 1.00 859 859 
E-60-4: Test liquid spore cone. = 2.0 X 106/ml = C 
sp 
5 2.2 9.60 21.2 20.0 100 27 2700 
4 3.8 9.60 36.5 3.93 19.7 32 630 
3 6.2 9.60 59.5 0.91 4.55 165 750 
2 9.8 9.60 94.0 0.23 1.15 433 499 
1 1.00 742 742 
'Solids ratio = observed initial droplet CMD/observed bioparticle CMD 
See column (7) Table 6. 
Symbols used in Table 22 are as follows: 
D = initial droplet diameter 
o 
C = test liquid spore concentration required to provide one 
spore per d r o p l e t s i z e D, : C = 6/TTD 
r r d spr a 
o r 
C = Test liquid spore concentration. 
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